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INTRODUCTION 
Biodiesel 
Over the past decades, fossil has been the major source of fuel due to its readily 
availability and well developed infrastructure. The constant increase in global population 
directly increases the dependency on this fuel source. In addition to this, a possible fuel 
scarcity, growing environmental concerns for cleaner air and renewable fuel standards 
propels the search for sustainable forms of fuels (Demirbas and Balat, 2006). Among these 
fuels, biodiesel has a unique property of being feasible with current infrastructure without any 
further infrastructural modification (Gerpen et al., 2004).  Biodiesel consists of fatty acid 
alkyl esters with varying chain length and are produced from bio – oils including oils from 
plants, animals and oleaginous microorganisms. Besides the readily usability of biodiesel in 
compression – ignition engine, they are known to have better lubricity, higher cetane 
numbers and flash points. Furthermore, recent studies have shown that biodiesel produces 
lower methane emissions and a 41 % reduction in the life – cycle of greenhouse gases 
(Detchon, 2007; Ma and Hanna, 1999). With a good energy balance, biodiesel contains about 
3.2 times the amount of energy required to produce it and it can be used wholly as B100 or 
can be blended with various amounts of petroleum diesel 1). Due to the numerous advantages, 
biodiesel production is on the rise and the global biodiesel market is estimated to reach 37 
billion gallons by the end of 2016 (Christopher et al., 2014). This however possess pressure 
on the source of feedstock. 
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Bio – oils  
Bio – oils which are the main feedstock for biodiesel are generally obtained from 
plants and animal oils. The use of the feedstock varies from region to region depending on 
the availability and its viability for production. Biodiesel properties such as cold temperature 
and oxidation stability are directly dependent on the feedstock, as such the selection of the 
feedstock is very critical. In addition, the oil percentage in the biomass and the oil 
composition affects the feasibility for use as feedstock.  Some commonly used oils include 
sources such as sunflower, soybean, olive, fish and palm and are known as first generation 
biodiesel feedstock. The cost of production of this form of feedstock is relatively high and it 
constitutes 60 – 80 % of the cost of biodiesel production which consequently raises the 
overall cost biodiesel above that of petroleum diesel (Parawira et al., 2009). A report from the 
Clean Cities Alternative Fuel indicates that, in January 2016, the price of conventional diesel 
reduced by $0.36/ gal to $2.23/ gal whereas that of B100 decreased by only $0.19/ gal to 
$3.21/ gal over the previous quarter 2). This reduces the economic attractiveness of biodiesel 
against conventional diesel. In addition, wide span of time and large sums of arable land (Fig. 
1) are required for the production of these oils and most of these are also sources for food, as 
such it puts a burden on the food industry too. 
For these reasons, a second generation of biodiesel feedstock has been explored. 
These generally consist of waste frying oils, yellow grease and non – edible oils. These 
sources may generally solve some of the problems encountered with the first generation 
feedstock such as price reduction and reduced pressure on food production, however they go 
through a similar cultivation process and the time and space needed for cultivation may even 
be extended. A more interesting source of feedstock are oleaginous organisms especially 
microalgae. Algae are thallophytes with chlorophyll a as their primary photosynthetic 
pigment and have structures that are primarily for energy conversion without development 
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beyond cells. Although there is no accepted definition for the class of this feedstock, they are 
sometimes included as a second generation feedstock or referred to as a third generation 
feedstock or more generally as advanced feedstock. These oils are viewed as the most 
sustainable feedstock for the future due to the significant high yields (Fig. 1).  
 
 
 
 
 
  
  
 
  
 
 
 
 
 
 
 
Fig. 1. Oil yield per land area and the land space required to produce bio – oil to 
replace 50 % of all transport fuel needs in the USA (Chisti et al., 2007). 
*70 % oil (by weight) in biomass 
**30 % oil (by weight) in biomass 
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In addition, unlike the other crops, microalgae double their biomass within 24 h, and 
during the exponential growth phase depending on the growth conditions and the strain, the 
biomass doubling period could be less than 4 h. Some common microalgae strains including 
Chlorella sp., Nannochloropsis sp., and Botrycoccus braunii can accumulate as high as 30 – 
60 % lipid of their dry biomass (Chisti, 2007). More so, the use of microalgae oil as biodiesel 
feedstock does not compete with the production of food and other products that are derived 
from crops, especially as the organism can be easily cultivated on non – arable land (Singh et 
al., 2011b; Chen et al., 2011). Along with these advantages as feedstock for biodiesel, 
microalgae have a high CO2 fixation ability and other properties for industrial waste water 
treatment (Ho et al., 2010).  
Despite these numerous advantages, microalgae lipids just as other second generation 
feedstock contain large amounts of impurities that often require purification before they can 
be converted to biodiesel. Generally, the triglycerides (TAG) in the lipids have been the main 
compound for conversion to biodiesel. However, the exposure of cooking oils to high 
temperature and water causes thermal oxidation that converts the triglycerides to free fatty 
acids (FFA) (Chen et al., 2009). Similarly, triglycerides in microalgae oil are converted to 
free fatty acids by endogenous enzymes and peroxides that exist in the cells of the organism 
(Alencar et al., 2010; Singh et al., 2011). In addition to these, high amounts of phospholipids 
have been reported to be present in microalgae oil (Table 1). These are generally part of the 
cell membrane and since the microalgae are only single cell organisms, high amounts of 
phospholipids are inevitable. The presence of these components significantly affects the 
biodiesel production technologies. 
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Table 1. Lipid classification of some biodiesel feedstocks 
Oil source Triglycerides (%) Free Fatty Acids (%) Phospholipids (%) Reference 
Mucor circinelloids (fungus) 18.5 31.6 20.8 (Vicente et al., 2009) 
Nannochloropsis sp. * 61.9 – 71.6 1.5 – 7.8 21.7 – 36.5 (Balasubramanian et al., 2012) 
Nannochloropsis sp. 79.3 0.0 18.3 (Chen et al., 2012) 
Scenedesmus sp. ** 7.6 – 73.9 0 – 70.3 19.5 – 28.1 (Chen et al., 2012) 
Dinoflagellate (degummed) 83.7 7.2 6.4 (Chen et al., 2012) 
 
* Different drying and extraction methods 
** Different storage methods 
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Biodiesel production technologies 
Vegetable oils were first used as fuels upon the invention of the Diesel engine, 
however problems such as carbon deposits and gelling of the lubricating oils were 
encountered and these were thought to result from the high viscosity of the vegetable oils 
(Peterson, 1986; Shay, 1993). The ester derivatives of these lipids have a lower viscosity and 
are produced by the reaction of the triglycerides with short chain alcohols in a process known 
as transesterification. The products obtained from this reaction are fatty acid alkyl esters 
(FAAEs) which are the constituents of biodiesel (Fig. 2).  
 
 
 
 
Fig. 2 Schematic representation of transesterification 
 
Various techniques for this transesterification process exist with the use of 
homogenous alkali as the conventional method. NaOH and KOH have been used to achieve 
high yields of biodiesel from refined vegetable oils but the presence of free fatty acid above 
0.5 % resulted in the undesirable formation of soaps instead (Lotero et al., 2005). The use of 
acids such as H2SO4 has successfully converted the free fatty acids to FAAEs in a process 
called esterification. This technique has been combined with the alkali catalyst to convert oils 
that have significant amounts of free acids (Chen et al., 2012). This only works to a certain 
level as higher amount of free fatty acids cannot be converted using this approach due to the 
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production of water as by – product of the esterification. Some other techniques including 
microwave assistance, the use of super critical fluids and ionic liquids have been used to 
enhance the chemical methods but these increase the energy consumption of the process. 
Moreover, the use of chemical methods is associated with environmental concerns, corrosion 
of equipment and laborious post – processing purification and separation methods (Al-Zuhair 
et al., 2007; Canakci and Van Gerpen, 1999).   
Recent advances in biodiesel production techniques have paved way for the use of 
enzymes for the production of biodiesel. Hydrolases which act on ester bonds in carboxylic 
esters are preferred for this technology and are classified as EC 3.1.1.3 lipases. The use of 
lipases benefits from low energy requirements, mild processing conditions, less post – 
processing steps due to high selectivity of lipases and most lipases can convert free fatty 
acids as well as triglycerides (Ranganathan et al., 2008; Du et al., 2008). Lipases come from 
different sources and the source can affect the structure of the lipase which in turn is related 
to the biochemical properties of the lipase. Although lipases can be obtained from plant and 
animal sources, the mostly used are those from microorganisms such as Burkholderia glumae 
–  a bacterium, Candida rugosa – a yeast and Aspergillus japonicas – a fungus. Due to the 
high sensitivity and specificity of lipases, the right reaction parameters are critical for 
efficient conversion to biodiesel.  
The main parameters that are known to affect the enzymatic conversion are 
temperature, agitation, the presence of water, lipase concentration, the type and amount of 
acyl acceptor and the composition of the oil feedstock (Fjerbaek et al., 2009; Christopher et 
al., 2014). A number of acyl acceptors are available but methanol is preferred due to its cheap 
price, volatility and favourable properties of the esters it produces (Christopher et al., 2014). 
Stoichiometrically, 3 moles of methanol are required for the conversion of 1 mole of 
triglyceride but practically an excess amount is required for the complete conversion. On the 
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other hand, an excessive amount of methanol deactivates the enzyme as such a balance in the 
methanol amount is required.  
Despite the advantages that the enzymatic method has to offer, it is still under study 
and several hurdles need to be overcome. The general cost of lipases is high and makes the 
process more expensive. The use of cheaper forms of lipases and the reuse of lipases can 
reduce the cost of the enzymatic process. Some lipases that are used in the food industry have 
some characteristics that makes them applicable in biodiesel industry and they are usually 
cheaper. The recently developed whole cell biocatalysts are also known to be cheaper due to 
the process of production. No purification and isolation steps are required and they can be 
simultaneously cultivated and immobilized (Hama et al., 2008). These cheap lipases however 
have a narrow substrate range, are more susceptible to deactivation and often have low 
reaction rates and FAAEs yields. These limitations are heightened with substrates that are 
highly heterogeneous and contains impurities.   
Enzymatic biodiesel production from unrefined bio – oils 
The idea of using low cost enzymes to convert microalgae oil and other second 
generation feedstock to biodiesel could make the entire production of biodiesel cheaper and 
more environmentally friendly. Unfortunately, the highly heterogeneous state and the 
presence of high levels of impurities in these low quality oils may hinder the enzymatic 
process. Various refining processes of bio – oils in the form of degumming and other pre-
treatment methods that could improve the quality of the oils to high concentrations of pure 
triglycerides have been developed (Liu et al., 2008; Pan et al., 2001). However, considering 
the high levels of phospholipids and free fatty acids in these oils, refining will lead to a 
significant loss of feedstock and additional cost for processing will be incurred. These issues 
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have led to the interest of investigating the application of low cost lipases for the conversion 
of low quality bio – oil feedstock.  
The first chapter of this work explores the use of whole cell biocatalysts for the 
conversion of high phospholipid containing oils. Aspergillus oryzae independently expressing 
two different forms of lipases was used for this study. Previous works using A. oryzae 
expressing Fusarium heterosporum lipase successfully produced over 90 % biodiesel from 
refined soybean oil (Hama et al., 2008). Mono- and diacylglcerol lipase expressing – A. 
oryzae has also been used to convert remaining mono and diglycerides to biodiesel (Hama et 
al., 2009). In order to expand the use of these lipases, they were employed to oils containing 
phospholipids within the range of 5 – 30 % using methanol as the acyl acceptor. This was 
necessary for the understanding of the applicability of these enzymes in converting microbial 
oils such as that of microalgae which have these levels of phospholipids. 
Although most lipases are known to be able to convert free fatty acids in their pure 
forms, their conversion of FFA in the presence of other lipid classes is not well explored. The 
feasibility of converting feedstocks with high contents of free fatty acids and triglycerides 
will be attractive for the biodiesel industry. In the second chapter of this work, the possibility 
of employing A. oryzae whole-cell biocatalyst for converting feedstock with such substrate 
was explored. The changes of the reacting species and the reaction system were studied for 
their contribution for the total conversion process.  
Some common lipases employed in the food industry may provide a cheap source of 
enzyme for biodiesel production. However, the high specificity and sensitivity of these lipase 
may lead to the production of only low amounts of fatty acid methyl esters (FAMEs). The 
lipase cocktail technique where two or more lipases are mixed may produce various 
synergetic effects where the limitation of one lipase could be overcome by the other. 6 lipases 
10 
 
from the food industry was screened using refined soybean oil as the substrate and methanol 
as the acyl acceptor. Lipase DF and Lipase MER from Rugosa oryzae, lipase AY from 
Candida cylindracea, lipase R from Penicillium roqueforti, lipase A-10D from Rhizopus sp. 
and lipase A from Aspergillus niger were the lipases used for this study. The best 3 from 
these lipases were individually applied for converting oils containing 5 % phospholipids. 
Small portions of a more robust lipase, CalT were added to the individual lipases to form 
various cocktails. Ultimately, the step – wise methanol addition rate was optimized for the 
best lipase cocktail to improve the reaction time. A detailed explanation has been presented in 
chapter 3 of this work. 
After establishing methods of using immobilized A. oryzae whole cell biocatalysts 
and liquid lipases for the conversion of phospholipid containing oils, these techniques were 
applied for the conversion of unrefined oils from Chlamydomonas sp JSC4 – a robust 
microalga. This oil was found to possess significant amounts of phospholipids and free fatty 
acid and it would be a good model as feedstock that is highly heterogeneous in nature. 
Although both methods could be successfully used to produce high amounts of FAMEs, the 
poor reusability of the lipase cocktail is not attractive in perspective of the cost of biodiesel 
production. Therefore, the reaction rate of using immobilized A. oryzae whole cells was 
improved and this further improved the stability of the lipase. This has been explained in 
chapter 4 of this work.   
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Synopsis 
Chapter 1 
Converting oils high in phospholipids to biodiesel using immobilized Aspergillus oryzae 
whole-cell biocatalysts expressing Fusarium heterosporum lipase 
The presence of phospholipids in oil has been a major hurdle in the production of 
biodiesel using immobilized Aspergillus oryzae whole-cell biocatalysts. A density of 
phospholipids within the range of 10 to 30% could reduce both the rate of production and the 
final yield of biodiesel. Phospholipids in the oil leads to the formation of water-in-oil 
phospholipid-based reverse micelles. The water that activates the enzymatic process is 
observed to be trapped inside these reverse micelles. This has resulted in the inactivation of 
the reaction systems and has subsequently led to the deactivation of the immobilized lipase 
by the extended residence time of the added methanol. A reaction system involving gentle 
agitation and higher amount of water was found to reduce the reverse micelles formation. 
This simple technique improved the conversion efficiency by approximately 3-folds, 
producing a final biodiesel of more than 90 %, using immobilized A. oryzae whole cells 
expressing Fusarium heterosporum lipase. This demonstrates that, the above technique could 
be successfully applied to the enzymatic biodiesel conversion of oils containing high amounts 
of phospholipids such as that from microalgae. 
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Chapter 2 
Simultaneous conversion of free fatty acids and triglycerides to biodiesel by 
immobilized Aspergillus oryzae expressing Fusarium heterosporum lipase 
A partial soybean hydrolysate containing 73.04 % free fatty acid and 24.81 % triglyceride 
was used as a substrate for enzymatic production of fatty acid methyl ester. This feedstock 
presents a property possessed by second generation and advanced biodiesel feedstocks. 
Whole-cell Candida antartica lipase B – expressing Aspergillus oryzae and Novozym 435 
produced only 75.2 % and 73.5 % FAME respectively. Fusarium heterosporum lipase – 
expressing A. oryzae produced over 93 % FAME at 72h from this feedstock with 3 molar 
equivalent of methanol. The FFA and TAG were converted simultaneously in the presence of 
increasing water content resulting from esterification. This property of the lipase could be 
very useful for the industrial production of biodiesel from feedstock with high amounts of 
free fatty acids. 
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Chapter 3 
Lipase cocktail for efficient conversion of oils containing phospholipids to biodiesel 
The presence of phospholipids has been a challenge in liquid enzymatic biodiesel production. 
Among six lipases that were screened, lipase AY had the highest hydrolysis activity and a 
competitive transesterification activity. However, it yielded only 21.1 % FAME from oil 
containing phospholipids. By replacing portions of these lipases with a more robust 
bioFAME lipase, CalT, the combination of lipase AY – CalT gave the highest FAME yield 
with the least amounts of free fatty acids and partial glycerides. A higher methanol addition 
rate reduced FAME yields for lipase DF – CalT and A10D – CalT combinations while that of 
lipase AY – CalT combination improved. Optimizing the methanol addition rate for lipase 
AY – CalT resulted in a FAME yield of 88.1 % at 2 h and more than 95 % at 6 h. This 
effective use of lipases could be applied for the rapid and economic conversion of unrefined 
oils to biodiesel. 
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Chapter 4 
Fusarium heterosporum lipase – expressing Aspergillus oryzae whole-cell as biocatalyst 
for biodiesel production from Chlamydomonas sp. JSC4 lipids 
Lipid from Chlamydomonas sp. JSC4, a possible feedstock for biodiesel was found to possess 
high levels of free fatty acids and phospholipids in addition to triglycerides. The conversion 
of the lipid to FAME by the use of either a lipase cocktail containing lipase AY – CalT 
combination or immobilized Fusarium heterospum lipase producing – Aspergillus oryzae 
whole-cells were both successful. However, the method of using lipase cocktail showed poor 
reuse stability. Although the whole-cell biocatalyst tolerated a wide range of water content, 
an exploration of the effect water and methanol interaction on the whole-cell biocatalysts 
showed that a lower water content and a lower methanol concentration is more favorable for 
FAME production. A higher initial methanol consumption rate facilitated a much stable 
system with the whole-cell biocatalyst, producing over 95 % FAME in 32 h.    
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Chapter 1 
Converting oils high in phospholipids to biodiesel using immobilized Aspergillus oryzae 
whole-cell biocatalysts expressing Fusarium heterosporum lipase. 
 
Introduction  
Depleting oil reserves, increasing dependency on scarce energy and environmental 
deterioration from the use of fossil fuels has led to the search of cleaner and more sustainable 
energy. Recent advances in biotechnology are paving the way for the production of various 
fuels from biomass, and biodiesel has become a plausible substitute for petroleum diesel. 
Biodiesel is a mixture of Fatty Acid Methyl Esters (FAME) and can be directly used in 
existing infrastructure without modification. Biodiesel now accounts for a 78% share of the 
total biofuel consumption in Europe’s transportation industry (Koçar, and Civaş, 2013). 
The cost of biodiesel production requires a cheap form of feedstock and this has shifted the 
feedstock to various sources (Demirbas, 2007). Several microorganisms, such as microalgae, 
have been targeted as a highly promising feedstock for the commercial production of 
biodiesel (Chisti, 2007; Mata et al., 2010). Chemical conversion of microalgae oils to 
biodiesel has been successfully carried out by various researchers (Umdu et al., 2009; Ho et 
al., 2012). However, the subsequent environmental issues and the high energy requirements 
associated with this method make it questionable (Meher et al., 2006; Lam et al., 2010). A 
more environmentally friendly and low-energy enzymatic method that has been successfully 
employed with various plant oils is thought to be a better alternative (Adachi et al., 2013; 
Fukuda et al., 2001; Kulkarni and Dalai, 2006). 
However, phospholipids represent a major setback in the application of enzymatic 
conversion methods to microalgae oil. Phospholipids constitute as much as 30% of the total 
lipid weight of the oil from these microorganisms, and are known to have a negative effect on 
these enzymatic methods (Chen et al., 2012; Balasubramanian et al., 2013). The 
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phospholipids in microbial oils are known to possess highly significant portions of C:16 and 
C:18 polyunsaturated fatty acids, which are the best of fatty acid chains required for a high-
quality biodiesel (Olmstead et al., 2013; Servaes et al., 2015). Watanabe et al. (2002) reported 
that, even with of less than 1% phospholipid, the performance of immobilized Candida 
antarctica lipase was negatively affected, and that degumming of the plant oil was required 
for a successful conversion to biodiesel. Unfortunately, the process of degumming which has 
been suggested to remove phospholipids from plants oils may not be attractive for the high 
levels of phospholipids in microalgae, as it could lead to a great loss in feedstock – not to 
mention, the complete degumming of such oils may not possible (Chen et al., 2012). Li et al. 
(2014; 2013) have performed various studies on oils containing low amounts of 
phospholipids using free lipase, and found that the presence of phospholipids alone within the 
range investigated (2%) can accelerate the hydrolysis of oils, but that the co-existence of 
phospholipids and methanol leads to detrimental effects on free lipase.  
Despite these findings, no report has documented the used of immobilized lipases for 
the production of biodiesel from high phospholipid-containing oils in a solvent-free system. 
In addition, the FAME production from oil containing amount of phospholipids that 
correspond to that of microbial oils using whole-cell immobilized lipases is yet to be 
investigated. Immobilization of lipases offers the added advantages of easy product 
separation, reduced contamination of product and enzymes, rapid termination of the enzyme-
substrate reaction, and immobilization may also alter the activity of the lipase (Maceiras et al., 
2011; Raghuvanshi and Gupta, 2010). This points out a significant difference between free 
lipase and immobilized lipase, which suggests that applying the general conclusions from 
free lipase to immobilized lipases may not be warranted.  
However, the industrial use of immobilized lipases has faced criticism because 
immobilization process often adds significant cost to the lipase, hence increasing the cost of 
22 
 
this process (Tufvesson et al., 2011). To this end, Hama et al. (2008) developed immobilized 
recombinant A. oryzae whole-cell biocatalysts for the production of biodiesel. These whole-
cell immobilized biocatalysts differ from other immobilized catalysts in that the enzyme 
cultivation step and the immobilization step are combined in a single unit process, which 
requires no further purification. This drastically reduces the cost and duration of the enzyme 
preparation. Due to the simplicity and cost effectiveness of this form of immobilized lipase, it 
would be advantageous if this could be successfully used to convert oils with high 
phospholipid content. 
The present study investigated the effect that the high amount of phospholipids (30%) 
in microbial oils exerts on the enzymatic biodiesel production by immobilized A. oryzae 
whole cell biocatalyst expressing Fusarium heterosporum lipase. Two major factors were 
surveyed: agitation and water concentration. These factors were expected to significantly 
affect the reaction system.  This allowed for the demonstration of a simple technique to 
overcome the low biodiesel conversion efficiency caused by the presence of high 
phospholipid content. 
 
Methods 
2.1 Materials and strains 
The host strain, A. oryzae NS4 (niaD-, sC-), was derived from the wild-type strain 
(Yamada et al., 1997). Refined soybean oil and soybean phospholipids were obtained from 
Wako Pure Chemical industries (Osaka, Japan). 
 
2.2 Construction of lipase expression vector and transformation of A. oryzae 
pSENSU-FHL harboring a P-enolA142 and a 5’UTR of Hsp12 with an FHL gene and 
an sC gene as a selectable marker was constructed as described in a previous study (Takaya et 
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al., 2011). Briefly, the gene encoding F. heterosporum lipase (FHL) was amplified from 
pNAN8142-FHL by PCR using FHL-F1 (5’-
TCGCAAACATGATGCTCGTCCTATCTCTTC-3’) and FHL-R1 (5’-
GCTCTAGACTAAATCATCTGCTTAACAAAT-3’) as primers. An amplified fragment 
was digested with XbaI and inserted into a pSENSU plasmid and was then digested again 
using PmlI and XbaI. The cells of A. oryzae transformant carrying pNAN8142-FHL were 
then transformed with pSENSU-FHL on a Czapek-Dox (CD)-NO2-methionine selection plate 
(Hama et al., 2008). The obtained lipase was then designated rFHL.  
A. oryzae biocatalyst expressing mono-and diglycerol lipase was prepared by isolating 
mdlB gene from A. oryzae niaD300 using two primers, fw-SalI (5’-
tgGTCGACatgcgcttcctctccggcttcgtttctgtt-3’) and rv-SphI (5’-
gtGCATGCttagcgcaatggcaatccaggacccttgca-3’). The fragments amplified by PCR were 
digested with SalI and SphI and inserted into the vector pSENSU. The constructed plasmid 
(pSENU-mdlB) was then integrated into A. oryzae cells. The obtained lipase was then 
designated rmdlB. 
 
2.3 Immobilized A. oryzae whole-cell biocatalyst preparation 
The A. oryzae strains were initially cultured on a Czapek-Dox (CD) agar plate at 30 
oC for 6 days. The spores were harvested with 5 ml of distilled water and aseptically 
inoculated into a 500 ml Sakaguchi flask containing approximately 850 mg of reticulated 
polyurethane foam BSPs (Bridgestone Corporation, Osaka, Japan) in 100 ml of DP medium. 
The BSPs used for the fungal cell immobilization had an average cuboid size of 6 mm × 3 
mm × 3 mm and pore size of 50 pores per linear inch. The fungal strain was cultivated at 30 
oC for 96 h on a reciprocal shaker at 150 oscillations per min. The cells were naturally 
immobilized in the pores of the BSPs during cultivation, and the immobilized whole cells 
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were separated from the culture broth by simple filtration. The BSP-immobilized whole cells 
were washed with distilled water, lyophilized for 48 h and used for biodiesel conversion. 
 
2.4 Lipase-mediated FAME production 
Soybean oil was spiked with various amounts of phospholipids to simulate the high 
phospholipid content of crude oils and subjected to sonication to ensure homogeneity. The 
lipase-catalyzed methanolysis was carried out in screw-capped cylindrical glass tubes. The 
reaction mixture consisted of oil (with or without phospholipids), distilled water, 
immobilized A. oryzae whole-cell biocatalysts, and the reaction was initiated via the addition 
of an initial amount of methanol (1:1 molar ratio of the oil). The reaction proceeded in a 
block rotator (Nissin Thermo Block Rotator SN-06BN) at 30 oC with a rotation speed of 7.5 
(an arbitrary scale on the instrument) with or without pre-agitation. To avoid the general 
deactivation of the immobilized lipase by methanol, the remaining methanol was added step-
wise at 24, 48 and 72 h (1:1 molar ratios of the oil at each time leading to a total of 4:1). 
Samples were taken at specified times to determine the FAME production during the course 
of the reaction. For repeated use, the immobilized whole cells were either washed with tap 
water or reused directly without any treatment and applied on a fresh feedstock.     
 
2.5 Gas chromatography analysis 
Fatty Acid Methyl Esters produced during the course of the reaction were measured 
via gas chromatography. Samples taken at specified times were centrifuged at 12,000 g for 5 
min at 4 oC, and the upper layer was analyzed using GC – 17A (Shimadzu, Kyoto, Japan) 
equipped with a DB-5 capillary column (0.25 mm x 15 m) (J&W Scientific, USA), an auto-
sampler and a flame ionization detector. During the analysis, the temperatures of the injector 
and detector were set at 245 and 320 oC respectively. The column was configured at a 
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temperature program with an initial temperature of 150 oC for 0.5 min, raised to 300 oC at 10 
oC/min and maintained at this temperature for 10 min. The FAME composition in each 
reaction mixture was reported as a percentage weight of the oil without the glycerol by-
product in the reaction mixture using tricaprylin as an internal standard. 
 
Results and discussion 
3.1. Impact of Phospholipids on whole-cell biocatalyst performance 
Two immobilized whole-cell biocatalysts with different lipase specificities were 
independently used for the conversion of high phospholipid-content oil into Fatty Acid 
Methyl Esters (FAMEs). F. heterosporum lipase-producing A. oryzae (rFHL) is a solvent 
tolerant sn – 1, 3 regiospecific lipase with a high conversion efficiency of triglycerides, 
whereas mono- and diglyceride lipase-producing A.oryzae (rmdlB) shows a high specificity 
for mono and diglycerides (Toida et al., 1995). The presence of phospholipids in high 
quantity presents a heterogeneous substrate with different molecular conformations as such 
lipases of varying regiospecificities were used in this situation. The FAME yield after 96 h 
for the 2 sets of lipases varied greatly (Fig. 1) with rFHL generally returning a higher yield 
than rmdlB. In the absence of phospholipids, the final yields and reaction rates were 
significantly higher, with rFHL and rmdlB reaching 94.2 and 50.9% respectively, after 96 h. 
The higher yield for rFHL was expected because although FHL is known to be sn – 1, 3 
regiospecific lipase, it has the ability to enhance acyl migration from the sn – 2 position to 
either sn – 1 or sn – 3 positions just as other several lipases. 
However, when these results were compared with those of the oil containing 
phospholipids, there was a great decrease in both the reaction rate and the final yield, which 
agrees with the results previously reported as phospholipids have negative effects on 
enzymatic methanolysis (Lai et al., 2005). The FAME yield for the refined oil at 24 h was 
26 
 
0
10
20
30
40
50
60
70
80
90
100
0 20 40 60 80 100
F
A
M
E
 c
o
n
v
er
si
o
n
 (
%
)
Time (h)
Refined oil
10 % PL
15 % PL
30 % PL
(b)
higher than that of the oils containing phospholipids particularly for the lower phospholipid 
ranges (10 and 15%), after which there was no significant FAME production in these oils 
(Fig. 1). Since the major factor that was tempered with at 24 h was the concentration of 
methanol, further investigation on this factor and the initial reaction rate was carried out. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. FAME conversion of oils containing various percentages of phospholipids 
(PL) using rFHL (a) and rmdlB (b). Reaction conditions: 30 oC, 5% water 120 mg 
of immobilized lipase, 4:1 methanol:oil, 35 rpm 
 
 
3.2. Effect of the initial reaction rate on enzymatic conversion efficiency 
Lipases are generally deactivated by short-chain alcohols (Maceiras et al., 2011; 
Kaieda et al., 1999). To avoid this deactivation, methanol was added step-wise, 4 times in 1:1 
molar equivalents of the oil at a time interval of 24 h yielding a total methanol-to-oil molar 
ratio of 4:1. However, even with this step-wise strategy, deactivation occurred after 24 h in 
the phospholipid-containing oil reaction systems (Fig. 1). For this reason, the amount of 
methanol that remained in the reaction system at 24 h was investigated, and this was achieved 
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based on the initial amount of methanol added and the amount of FAME produced at 24 h. 
Fig. 2 indicates that, in the absence of phospholipids almost all the added methanol was 
consumed by the methanolysis process, but in the presence of phospholipids significant 
amounts of methanol remained. The effect was higher for the oils with lower phospholipid 
content, with 10% phospholipid-containing oils retaining about half the initial methanol 
amount added.  Although the amount of methanol remaining in oils containing 30% 
phospholipids was not very different from that of the refined oil, the average initial reaction 
rate for the refined oil was significantly higher than that of the oil containing phospholipids, 
suggesting that the residence time of methanol in the 30% phospholipid-containing oil was 
significantly higher than that of the refined oil. The extended time for the contact of lipase 
with methanol in the oils containing phospholipids thus inhibited the lipase activity. The 
inhibited system was thus worsened by each addition of 1 molar equivalent of methanol, 
subsequently deactivating the lipase. 
As the amount of phospholipids increased, the reaction rate increased slightly leading 
to a higher FAME yield at 24 h, which contrasted with using either free lipase (Li et al., 
2014) or Novozym 435 (C. antarctica lipase immobilized on acrylic resin) (Watanabe et al., 
2002). The pattern observed in the present work for both rFHL and rmdlB may have been due 
to the differing responses of lipases to different conditions as well as the nature of the 
immobilizing substrate because this can affect the activity of enzymes.  
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Fig. 2. Average reaction rate (% w/w oil h-1) over the first 24 h of reaction for 
rFHL catalyzed methanolysis, initial amount of methanol (mmols) added to the 
reactor and calculated amounts of methanol (mmols) remaining at 24 h. Reaction 
conditions: 30 oC, 5% water, 120 mg of immobilized lipase, 35 rpm, 1:1 
methanol:oil  
 
 
3.3. Water content and the formation phospholipid-based reverse micelles 
A phospholipid molecule possesses a hydrophilic head and a hydrophobic tail, and 
this makes it an amphiphilic molecule. This amphiphilic property causes phospholipids to act 
as surfactants leading to the formation of water-in-oil reverse micelles. A Phospholipid-based 
reverse micelles mixture was observed, as shown in Fig. 3. In the presence of water, refined 
oil is seen as almost a clear solution with finely dispersed water droplets (Fig. 3b), while an 
intense cloudiness can be clearly seen in the oil containing phospholipid (Fig. 3e). Li et al. 
(2014; 2015) in their works with free lipase also reported that the presence of phospholipids 
leads to the formation of reverse micelles that solubilize both methanol and aqueous-phase 
lipase, leading to a high local concentration of methanol around the lipase in reverse micelles 
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and subsequently deactivates it. Conversely, in the current work, since the lipase was 
immobilized, it was not solubilized in the reverse-micelles. However, the water in the system 
was entrapped in these reverse micelles and formed water pools. The dielectric constant and 
viscosity of these water pools may be altered making their physico-chemical properties 
significantly different from that of bulk water (Menger et al., 1973; Tsujii et al., 1983). 
Furthermore, as clearly shown by the microscopic view in Fig. 3c, the surface of the water 
droplets in the refined oil was smooth providing the required aqueous-non-aqueous interfacial 
area for the activation of enzymatic catalysis. However, Fig. 3f shows a much distorted 
surface of the reverse micelles which likely consisted of a layer of phospholipids. The 
physical boundaries that were formed by the phospholipids around the water pools hindered 
the creation of the aqueous-non-aqueous interfacial area, which is a critical factor for the 
enzymatic methanolysis of most lipases including rFHL. This phenomenon may lead to an 
inhibition of the reaction system and cause low conversion efficiency in the early stages of 
the reaction. Thus, the addition of more methanol to the inhibited system at 24 h may have 
caused lipase deactivation as observed in Fig. 1. 
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Fig. 3. Observation of reverse micelle formation.  
(a) Refined oil without agitation with water; (b) Refined oil after agitation with 
5% water; (c) Microscopic view of refined oil after agitation with 5% water; (d) 
oil containing 30% phospholipids without agitation with water; (e) oil containing 
30% phospholipids after agitation with 5% water; and (f) Microscopic view of oil 
containing 30% phospholipids after agitation with 5% water 
 
 
In the formation of reverse micelles, there always exists an amount of free surfactant, 
which is far from negligible (Lemyre et al., 2010). With a fixed amount of water and an 
increase in phospholipids, more free surfactant remained in the system, and this free 
amphiphilic surfactant facilitated the mixing of the non-polar oil and polar methanol and 
slightly promoted methanolysis, as shown in Fig. 1. As the phospholipid amount increased, 
the conversion efficiency slightly increased. Furthermore, Fig. 4 shows that as the water 
concentration increased from 5 to 10%, both the initial and final FAME yield decreased, 
which indicates that the free surfactant was consumed in the formation of even more reverse 
micelles with an increased amount of water. Although the free surfactant slightly improved 
conversion efficiency by minimizing the mass transfer problems, the catalytic activity of the 
immobilized lipase was not distributed throughout the bulk of the mass of the reactants but on 
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the interfacial area created by water. Therefore, the physico-chemical properties of the water 
and this interfacial area must be maintained to ensure an efficient conversion. 
 
 
 
 
 
 
 
 
 
Fig. 4 Effect of water concentration on the initial and final FAME yields of oils 
containing 30% phospholipids. Reaction conditions: 30 oC, 120 mg of 
immobilized lipase, 4:1 methanol: oil, 30% phospholipid containing oil, 35 rpm, 
water concentration (5% - 10%) 
 
 
3.4 Agitation effect and improvement of the conversion efficiency of rFHL in oil containing 
high levels of phospholipids 
Enzymatic methanolysis is an interfacial reaction, which necessitates the creation of 
aqueous-non-aqueous interfacial areas for the successful conversion of oils to biodiesel. To 
achieve this, water must be made available to the largest-possible portion of the oil, and a 
good measure of agitation is known to create a faster reaction and higher conversion yields 
(Surendhiran et al., 2014; Tran et al., 2013). However, in the presence of surfactants 
(phospholipids) above a critical micelle concentration, agitation enhances the formation of 
reverse micelles. As shown in section 3.3, the formation of reverse micelles inhibits the 
enzymatic action of rFHL. In order to avoid this formation of reverse micelles due to 
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agitation, the reaction was performed without the usual pre-agitation in this study. Fig. 5 
shows a significant enhancement of both the reaction rate and the final yield leading to a 
FAME conversion that was improved by approximately 50%.  
 
 
 
 
 
 
 
 
 
 
Fig.5 FAME conversion of oil containing 30% phospholipids under the following 
conditions: (diamond) pre-agitation with 5% water; (square) 2% water without 
pre-agitation; (triangle) 5% water without pre-agitation; (circle) 10% without pre-
agitation  
Reaction conditions: 30 oC, 120 mg of immobilized lipase (rFHL), methanol:oil = 
4:1, 35 rpm 
 
 
In addition, with the amount of water being a possible contributor to reverse micelle 
formation, the amount of water was reduced from 5% to 2%. Although the initial reaction 
rate did not change significantly, the FAME conversion yield was reduced by about 10%, 
which indicates that, the interfacial area might have been compromised by both inadequate 
agitation and low water concentration. To increase the interfacial area, the concentration of 
water was increased to 10% and this successfully improved the FAME conversion yield to 
approximately 90%. Although the initial reaction rate with 10% water was lower, which was 
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likely to have been due to excessive methanol dilution, the final rate was higher leading to a 
higher final yield. The dilution of methanol in the initial stages suppressed the inhibition of 
lipase. This helped the lipase to maintain its activity throughout the reaction. Also, this 
amount of water was enough to assist the acyl migration from sn-2 to sn-1,3 which facilitated 
an even better conversion (Oda et al., 2005).  
The improved FAME conversion was slightly lower than that of refined oil, which 
showed that some formation of reverse-micelles in oil containing phospholipids is inevitable 
when using this technique. However, when comparing the results of the present study with 
those from previously reported works, this simple technique showed a significant 
improvement in the conversion of FAME from oils containing high phospholipids, which 
makes it quite suitable for the application of microalgal oils (Table 1). 
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Tables 
Table 1  
Improvement of FAME conversion of phospholipid containing oils by various techniques 
 
 
 
 
 
 
 
 
 
1 Conversion improvement was based on the percentage of FAME conversion before and after the application of the mentioned technique 
 
 
                                                            
 
Phospholipid 
content 
Lipase Technique  1Conversion 
improvement 
 Reference 
1% Novozym 435 Degumming 10.3 to 28.1%  (Watanabe et al., 2002) 
1.4% Novozym 435  Dewaxing/degumming 56 to 88%  (Lai et al., 2005) 
10% NS81006 free lipase Synchronizing lipase with 
phospholipase 
86.4 to 94.9%  (Li et al., 2015) 
 30%  Immobilized whole-cell 
A. oryzae expressing FHL 
Reduced agitation (reverse 
micelle reduction) 
29.7 to 91.0%  This work 
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3.5 Stability of Enzyme in reuse 
For enzymes to become more economically attractive, its ability to maintain a high 
stability in subsequent reuse is important. Immobilization of the enzyme is one way to make 
this possible. In this work, since the enzymes were immobilized, they could be easily 
separated from the reaction mixture by decanting. To reuse the enzymes, two different 
approaches were used. In the first case, oil containing 30% phospholipid was directly added 
to the used enzymes that have not undergone any treatment. It is observed from Fig. 6 that, 
after the fourth batch, the potency of the enzyme has dropped to about 85% of its original 
ability. However, in the second case when the used enzyme was washed twice with tap water 
before reuse, the FAME conversion after the fourth batch was still higher than 95% of its 
original conversion efficiency. This indicates that, there is likely to be some impurities that 
attaches to the BSPs that can be successfully removed by using tap water.   The high stability 
of whole cells immobilized on BSPs conforms to the results from previous reports (Hama et 
al., 2008; Adachi et al., 2013). 
 
 
 
 
 
 
 
 
Fig.6 Stability of immobilized rFHL in reuse expressed as a percentage of the 
FAME yield in the first batch. Immobilized lipase was washed with tap water 
after each batch (diamond); immobilized lipase was reused without washing 
(square) Reaction conditions: 30 oC, 120 mg of immobilized lipase (rFHL), 10 % 
water, 4:1 methanol:oil, 35 rpm, 96 h. 
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Conclusion 
This work showed that the presence of phospholipids in oil leads to the formation of 
reverse micelles, which interferes with the aqueous-non-aqueous interfacial area required for 
the efficient conversion of oils to FAME by immobilized whole-cell biocatalysts. A 
significant factor – agitation, which in usual cases improves interfacial area, was found to 
assist in the formation of these undesirable reverse-micelles. This factor was therefore 
significantly reduced and compensated with an increase in water which helped to improve the 
interfacial area and a successful production of biodiesel. 
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Chapter 2 
Simultaneous conversion of free fatty acids and triglycerides to biodiesel by 
immobilized Aspergillus oryzae expressing Fusarium heterosporum lipase 
Introduction  
To make biodiesel production more environmentally friendly recent research has 
drifted towards a bio-catalyzed approach that seeks to overcome the hurdles of undesirable 
byproducts and high energy requirements in the conventional chemical approach (Speidel et 
al., 2000). Lipases have been used for the processing of acyl-glycerides from edible 
vegetables oils and fatty acids for biodiesel (fatty acid methyl esters) production (Fjerbaek et 
al., 2009). In attempts to advance biodiesel production technologies, recent researches make 
use of secondary generation and advanced feedstock such as waste oils, non-edible oils and 
lipids from oleaginous microorganisms to mitigate pressure on arable land and edible food 
sources (Schenk et al., 2008; Hama and Kondo, 2013). These current feedstocks are 
heterogeneous and come with varying high concentrations of free fatty acids (FFA) compared 
to refined vegetable oils which are high in triglycerides (TAG), thence requires a different 
treatment approach for biodiesel production (Table 1).  
Conditions of 100-260 °C and 100-7000 kPa subject cooking oils to high thermal 
hydrolysis leaving waste cooking oils with high acid values (1.3 to 193 mg-KOH/g-oil, 0.5 to 
15 wt.%) (Patil et al., 1988). This renders it difficult for direct esterification in a single step 
treatment in both the chemical and bioprocess (Aguieiras et al., 2015). Some oleaginous 
microorganisms have also been known to have substantial amounts of both triacylglycerides 
and free fatty acids as part of their lipid storage. Under optimal growth conditions, they have 
been identified to synthesize medium to long-chain fatty acids (C16- C18) as building blocks 
43 
 
in addition to their TAG synthesis using enzymes (Hu et al., 2008; Chen et al., 2012; 
Ohlrogge et al., 1991). 
 
Table 1. Biodiesel production from oils containing various amounts of FFA from different 
raw materials 
Catalyst Raw 
material 
FFA (%)  Conversion 
technique 
Yield 
(%) 
Reference 
Novozym 435 Dewaxed/ 
degummed 
rice bran oil  
85 2-step esterification 
and 
transesterification 
with reactivation of 
lipase in t-butanol 
96  Lai et al., 
2005. 
 Waste 
cooking palm 
oil  
0.2 Conversion in co-
solvent (tert-butanol) 
88 Halim and 
Kamaruddin 
et al., 2008. 
 Acid oil 78 Methyl esterification 
of followed by 
methanolysis of 
TAGs with 10 wt. % 
glycerol). 
91.1 Watanabe et 
al., 2007. 
Lipozyme TL 
IM and 
Novozym 435 
mixture 
Waste oil 70 Methanol/oil molar 
ratio of 4 at 35°C and 
co-solvent (tert-
butanol to oil 1:1 
(v/v)) 
95 Li et al., 
2006. 
Immobilized 
lipase from P. 
expansum 
Waste oil  
 
27 Conversion in co-
solvent t-amyl 
alcohol using blue 
silica gel as adsorbent 
92.8  Li et al., 
2009. 
Powder lipase 
C. cylindracea  
 
Waste 
activated 
bleaching 
earth  
35  Conversion in co-
solvent (diesel) 
100 Kojima et 
al., 2004. 
  
H2SO4 and 
KOH 
Lipids from 
Scenedesmus 
sp. 
62 Pre-esterification 
followed by 
transesterification 
100 Chen et al, 
2012 
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In recent past, most bioprocesses in biodiesel production utilizes a two-step process 
which involves methyl esterification of the free fatty acids followed by methanolysis of the 
triglycerides. However, in making the enzymatic approach less cumbersome and cost 
effective for biodiesel production, a more reliable approach is to make use of versatile 
enzymes that can cater for the heterogeneous nature of current feedstocks (Aguieiras et al., 
2015). However, the growing inclusion of enzymes depends on the attainability of high 
striving enzymes at a lower cost (Zhang, 2011). By far, whole cell Aspergillus oryzae 
expressing various lipases have been used in several applications including indirect 
esterification and methanolysis of refined oils and oils containing phospholipids (Hama et al., 
2008; Amoah et al., 2016). Expression by cloning of a selected lipase effect in robust whole 
cells is an effective approach to reduce the cost associated to its construction.  The A. oryzae 
have so far been promising and used as a host for expressing lipases genes of C. antarctica 
lipase B (CALB) and F. heterosporum lipase (FHL) (Hama et al., 2008; Bajaj et al., 2010, 
Adachi et al., 2013). Adachi et al. (2013) reported that the whole-cell A.oryzae expressing 
CALB could be used to convert plant oil hydrolysates to over 90 % FAME but the yields 
from refined plants oils were poor. It was further explained that the FHL counterpart 
produced lower yields in the proposed esterification process. On the other hand, recombinant 
FHL has yielded promising results for the transesterification of refined plant oils in the 
presence of small amounts of water (Hama et al., 2008).  
The complex transformation of reacting species in the FAME production process 
raises concerns of the lipase’s ability to execute its hydrolytic potency. The heterogeneous 
nature of current feedstock further adds up to these concerns. Herein, an efficient conversion 
of high content FFA oil with a single immobilized whole-cell biocatalyst in a single step 
process is presented. 
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2. Materials and methods 
2.1 Strain and chemicals 
Refined soybean oil was obtained from Wako Pure Chemical industries (Osaka, Japan). 
The saponification and the iodine values were 188-195mg/g and 123-142cg/g respectively. 
Novozym 435, a lipase from Candida antartica immobilized on acrylic resin was obtained 
from Novozymes (Chiba, Japan). Candida rugosa powder lipase was also obtained from 
Meito Sangyo Co., Ltd. (Aichi, Japan). The host strain, A. oryzae NS4 (niaD-, sC-), was 
derived from the wild-type strain. 
2.2 Transformation and immobilization of A. oryzae  
The host strain was transformed independently with lipase encoding CALB gene from C. 
antartica and lipase encoding FHL gene from F. heterosporum (Adachi et al., 2013; Hama et 
al., 2008). The strains transformed with lipase encoding CALB gene and lipase encoding 
FHL gene were designated rCALB and rFHL respectively. 
Immobilization onto BSPs was done by an initial cultivation on PDA (potate dextrose 
agar) plates at 30 °C for 6 days followed by cultivation on CDNO2 selection plates. After 7 
days of cultivation, the spores were aseptically inoculated into 100 ml DP medium containing 
about 850 mg reticulated BSPs (Bridgestone Corporation, Osaka, Japan). The cells were 
immobilized within the BSPs as a natural consequence within 96 h of growth at 30 oC and 
150 opm (Bio shaker G.BR-200, Taitec, Japan). The hydrolytic activities of the lipases were 
measured using p-nitrophenyl butyrate as substrate. 
2.3. FAME production  
To simulate high free fatty acid content, the soybean oil was partially hydrolysed using C. 
rugosa lipase. The reaction was carried out at 30 oC and 150 rpm with 100 g oil, 50 g distilled 
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water and 4.5 g of the lipase. The resultant product was centrifuged at 12,000 g for 5 min and 
the supernatants further used for FAME production. 
For the FAME production, 4 g of the partial hydrolysate was measured into a screw-
capped cylindrical glass tubes. 5 % water based on the weight of the oil, and 120 mg of the 
immobilized lipase were added and the reaction was initiated by an initial addition of 1:1 
methanol based on the molar ratio to the oil. The reaction was carried out at 30 oC and 35 rpm 
for 96 h (Nissin Thermo Block Rotator SN-06BN, Japan). Extra 1:1 methanol based on the 
molar ratio to the oil was added each at 24, 48 and 72 h making a total of 4:1.  
2.4 Analysis 
Samples taken at specified times were analysed using GC-2014 (Shimadzu, Kyoto, 
Japan) with a Zebron Inferno GC Column (Phenomenex Inc., USA). The injector temperature 
was set at 320 °C and the detector temperature at 380 °C. The column temperature was kept 
at 130 °C for 2 min, raised to 350 °C at a rate of 10 °C/min, then to 370 °C at a rate of 
7 °C/min, and finally maintained at this temperature for 10 min. The components in the 
samples were detected by a flame ionization detector and were reported as percentages of the 
oil in the reaction mixture using tricaprylin as an internal standard.  
 
Results and discussion 
3.1 Enzymatic FAME production 
The concept of whole cell biocatalysts comes along with a great promise to reduce the 
cost of biodiesel production, however information on the robustness of these lipases is still 
limited. A. oryzae with a well-known genetic sequence can efficiently harbour lipase 
encoding genes of various organism and this can be immobilised into BSP during cultivation. 
The individual unique properties of lipases call for careful selection for various applications. 
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On the other hand, current biodiesel feedstock is often made of varying component including 
triglycerides and free fatty acids. Hence for efficient conversion to biodiesel, the lipase 
should have the capability of simultaneously catalysing transesterification as well as 
esterification. For this reason, r – FHL was employed in the conversion of partially 
hydrolysed soybean oil. C. rugosa lipase has the ability of hydrolysing plant and animal oils 
in the presence of water and this is time dependent reaction (Talukder et al., 2010). Based on 
a preliminary hydrolysis time course analysis, the reaction was terminated at 13 h yielding a 
product of 73.04 % FFA, 24.81 % TAG and traces of partial glycerides. The fatty acid 
composition of this partial hydrolysate is similar to the usual feedstock (soybean oil) for 
biodiesel production.  
 
 
 
 
 
 
 
 
Fig.1 a. FAME production from partial soybean hydrolysate b. Fate of reaction 
component during FAME production. Reaction conditions: 30 oC, 120 mg of 
immobilized lipase, methanol: oil = 4:1, 35 rpm 
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Fig 1a. shows the FAME production by rFHL, rCALB and Novozym 435. The 
reaction which proceeded with a step-wise methanol addition to prevent inhibition of the 
lipase reached a FAME yield of over 95 % in 96 h for rFHL. The reaction rate was almost 
constant until about 93 % FAME was produced. This differs slightly with FAME production 
from refined soybean oil, where the rate generally decreases after the third addition of 
methanol due to a slow rate acyl migration step encountered by the sn 1,3 specific rFHL 
(Hama et al., 2008; Nordblad et al., 2014). In addition, with just 1:3 oil to methanol ratio over 
90 % FAME could be produced. Adachi et al., (2013) reported that only FAME yield of less 
than 50 % could be obtained from the esterification of soybean hydrolysate using rFHL. This 
is likely due to the high amount of methanol used in the reaction which was overcame by the 
step-wise technique employed in this work. However, rCALB produced only 75.2 % after 96 
h even though it had a higher hydrolytic activity (201.65 ± 15.13 U/mg) than rFHL (108.86 ± 
0.45 U/mg). Low hydrolytic activity of CALB towards triglycerides of long chain fatty acids 
have been reported although the immobilized form (on hydrophobic acrylic resin, Novozym 
435) has been widely used for converting various plants oils contain high amounts of 
triglycerides (Kato et al., 2007; Adachi et al., 2013). For this reason, Novozym 435 was 
employed for this substrate but interestingly a similar low yield of 73.5 % was obtained. 
Similar poor yields have been reported for one step conversion of feedstocks containing 
significant amounts of free fatty acids (Table 1).  
3.2 Fate of oil components 
To further understand the reaction progress, the changes in the oil component along 
the time course reaction was studied (Fig. 1b). A faster decrease in FFA was generally 
observed with Novozym 435 and rCALB leaving less than 1 % after 72 h. The conversion of 
FFA by rFHL was significantly slower, requiring 96 h to reach less than 1 %. Generally, 
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lipases catalyse esterification but the difference lies in the activity and thus, this slower 
conversion rate by rFHL could be attributed to the lower hydrolytic activity.  
The area that shows more interest is in the conversion of the TAG. For rFHL, TAG 
initially decreased at a faster and later slowly reaching a final content of 2.5 %. The active 
site of F. heterosporum is known to be activated for attachment to triglyceride molecules in 
the presence of water which creates a hydrophobic cleft by the removal of a lid above the site 
(Svendsen, 2000; Nagao et al, 1994). The presence of water in the system therefore allows for 
transesterification similar to reports by (Hama et al., 2008). This reaction occurs concurrently 
with the esterification of the FFA although the esterification was at a faster rate. This 
simultaneous reaction thus masks the slow rate determining step usually observed for 
transesterification by F. heterosporum. The TAG content for the rCALB reaction seem to be 
unstable without any significant transformation. This conforms to a previous report where 
rCALB produced only 11.3 % FAME from refined soybean oil (Adachi et al., 2013). It was 
explained that, some immobilized forms of CALB can effectively convert TAG since their 
structure is modified by the immobilizing substrate. This includes Novozym 435 which 
shows a poor performance in this work. In the early stages, Novozym 435 seem to have 
converted some amounts of TAG from 24.8 % to 15.3 % but this stabilized without any 
further conversion. The production of 1 mole of FAME from a FFA is associated with the 
formation of 1 mole of water and this allowed us to estimate the amount of water produced 
along the reaction. It can be observed that after the production of about 30 % FAME, 
approximately 1.9 % water was produced. The increasing amount of water from 0.2 % is not 
tolerable by Novozym 435 (Shimada et al., 1999). Thus, the water produced from the 
esterification of the FFA deactivated the transesterification activity. However, the 
esterification activity was maintained and allowed for further production of FAME from the 
FFA. 
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The novelty of this work lies in the ability of using a single lipase to efficiently 
convert FFA and TAG to FAME in a single step without any pre-treatment or water removal 
technologies. rFHL is known to have a broader water tolerance range and this property 
manifests itself in a new application of the lipase.  
 
Conclusion 
A model feedstock which represents a significant property of modern biodiesel 
feedstock and contains high amounts of free fatty acids and triglycerides could not be 
completely converted to fatty acid methyl ester using rCALB or its commercial counterpart 
Novozym 435. The activity of rCALB which is specialized toward esterification and the poor 
water tolerance for Novozym 435 are thought of to be the reasons for this limitation. 
Interestingly, rFHL which had a lower hydrolytic activity could effectively convert both FFA 
and TAG simultaneously and produces over 93 % FAME after 72 h with step-wise additions 
of 1:3 molar ratio of oil to methanol. 
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Chapter 3 
Lipase cocktail for efficient conversion of oils containing phospholipids to biodiesel 
Introduction 
Biodiesel, an alternative to fossil fuel keeps gaining attention in research due to its 
environmentally friendly nature among other advantages. It is a mixture of Fatty Acid Methyl 
Esters (FAME) that has conventionally been produced from the alkaline transesterification of 
animal and vegetable oils (Vyas et al., 2010). In advanced researches, a two – step method of 
esterifying high free fatty acid containing oil with acid catalysts before transesterification 
with the alkaline catalyst has been developed (Chen et al., 2012; Hancsok et al., 2004; Wang 
et al., 2006). This is to prevent the formation of soap. Other heterogeneous alkaline and acid 
catalysts such as CaO/Al2O3 and L i-CaOFe2(SO4)3 have been developed over the past years 
for the production of biodiesel (Umdu et al., 2009; Endalew et al., 2011). Although these 
catalysts may offer some advantages over the conventional ones, the environmentally benign 
purpose of substituting fossil fuel with biodiesel is undermined. These chemicals cause 
corrosion to reactors and the post-processing needed to finalize the biodiesel production 
causes an equally environmental hazardous situation. To this end, current research in 
biodiesel production has been channeled to the use of EC 3.1.1.3 lipases. 
EC 3.1.1.3 lipases are hydrolases that act on ester bonds in carboxylic esters. There 
are hundreds of these lipases and many of them from various microorganisms have been 
known to be applicable in the industrial production of biodiesel (Li et al., 2011; Ghaly et al., 
2010). A well-known bacterium for lipase production is Burkholderia glumae (Jaeger et al., 
1998). Thermomyces lanuginous and Rhizopus oryzae are popular lipases from fungi and 
Candida rugosa is a common yeast for lipase production (Nordblad et al., 2014; Oda et al., 
2005; Chang et al., 1994). These lipases can either be used in the immobilized form or in the 
liquid form. The use of immobilized lipases offers an advantage of easy product separation 
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and reuse of lipase. Unfortunately, on the industrial scale, the immobilization of purified 
lipase adds significant cost to the biodiesel production and the immobilization of lipases often 
alters the desired specificity of the lipase (Guldhe et al., 2015; Christopher et al., 2014). 
Furthermore, immobilizing lipase leads to an increase in mass transfer resistance due to the 
solid nature of the enzyme and the liquid nature of the other reactants and this often leads to 
slower reaction times. This gives liquid lipases an urge over immobilized lipases. 
The drift of attention towards the enzymatic biodiesel production is due to the fact 
that, enzymes can convert oils to biodiesel under very mild conditions of temperature and 
pressure, they are highly environmentally friendly and due to the unique specificities of 
lipases, the production of unwanted products are eliminated. Although the regiospecific 
nature of lipases eliminates the production of unwanted products, this specificity may also 
lead to low product yield as most of the oil substrate consist of a wide range of compounds. 
Generally, most oil substrates are made of triglycerides, diglycerides, monoglycerides and 
free fatty acids of various chain lengths. Some lipases are known to be sn-1,3 regiospecific 
which can cleave the ester at positions 1 and 3 of the triglyceride alone (Du et al., 2005; 
Hama et al., 2008; Guan et al., 2010). Others are known to act on di and monoglycerides only 
where some are only effective on free fatty acids (Hama et al., 2009; Adachi et al., 2011). 
Furthermore, with the aim of reducing the cost of feedstock, the use of unrefined oils are 
being considered for biodiesel production and this often contains high levels of free fatty 
acids as well as phospholipids, making the oil substrate even more complicated.  
Phospholipids have been known to accelerate lipase inhibition with the formation of 
reverse micelles which alters the nature of the reaction mixture (Amoah et al., 2016; Li et al., 
2014). Degumming of crude oil has been proposed for curbing this problem however, this 
adds additional cost, increases processing steps and causes loss of feedstock. Various 
common lipases have been used for the conversion of refined vegetable oil to biodiesel but 
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their successful application in oils containing phospholipids is yet to be investigated. Adachi 
et al. (2013) reported the successful use of C. rugosa lipase for the hydrolysis of soybean oil 
for a two – step biodiesel conversion. Oda et al. (2005) also reported the use of an sn – 1,3 
regiospecific lipase where acyl migration was facilitated by an increased water content 
resulting in an efficient FAME production. 
Due to the unique properties of individual lipases, the concept of lipase cocktail which 
involves the combination of two or more lipases has led to interesting results. Lee et al. 
(2011) found out that a combination of C. rugosa and R. oryzae lipases in supercritical 
carbon dioxide gave a better yield than the use of a single lipase. A combination of CalT, 
RML and CalB improved the conversion yield from olive oil to 95 % in 18 h, up from the 
50 % for the best individual lipase (CalB) where as a combination of CalT and RML 
improved the conversion from palm oil to 80 % (Poppe et al., 2015). In the ethanolysis of 
used palm oil, the combined use lipase AY and lipase AK gave a higher yield of biodiesel 
than using AK alone (Tongboriboon et al., 2010).  
In this work, the concept of lipase cocktail is employed to reduce total lipase loading 
in order to reduce the cost of lipase. The first part deals with screening of 6 lipases commonly 
used in the food industry, and their applicability in biodiesel production from oil containing 
phospholipid is explored. Following this, a comparative analysis of several lipase cocktails is 
carried out and the best lipase combination based on reaction rate, final FAME yield and 
residual partial glyceride composition selected. Ultimately, the improvement of reaction rate 
for an efficient production of FAME from oil containing phospholipid is demonstrated. 
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2. Materials and Methods 
2.1 Materials and lipase strains 
Callera Trans L, a liquid formulation of Thermomyces lanuginosus lipase (CalT) was 
obtained from Novozymes (Bagsvaerd, Denmark). Powdered lipases DF and MER from 
Rhizopus oryzae, AY from Candida cylindracea (formerly known as Candida rugosa), R 
from Penicillium roqueforti and A from Aspergillus niger were obtained from Amano 
(Nagoya, Japan). Powdered lipase A-10D from Rhizopus sp. was obtained from Nagase 
Enzymes (Kyoto, Japan). Refined soybean oil and soybean phospholipids were obtained from 
Wako Pure Chemical industries (Osaka, Japan).  
 
2.2 Lipase solution preparation 
1 g each of 6 different powdered lipases was dissolved separately in 10 ml pH 7 
phosphate buffer. They were set on Bioshaker at 30 oC and 200 rpm for 30 min. The activities 
of the obtained lipase solutions were tested and were further used for the transesterification 
reaction.  
 
2.3 Lipase activity assay  
The activity assays of the lipase for both transesterification and hydrolysis were 
carried out. The transesterification activities were tested using p-nitrophenyl butyrate (pNPB) 
as a chromogenic substrate. A stock solution was prepared by dissolving 5 µl of pNPB in 250 
µl of ethanol and further diluting to 50 ml with distilled water. The lipase-hydrolytic 
activities at 35 oC of the various lipases were carried out by incubating for 10 min in a 
Bioshaker, Taitec, Japan. After incubation, 5% of trichloroacetate was added to terminate the 
reaction. The absorbance of the produced para nitrophenol (pNP) was measured at 400nm 
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(UV-Vis spectrophotometer, Shimadzu). 1 unit (U2) of lipase activity was defined as the 
amount of lipase that liberates 1 µmol of pNP from pNPB per minute.  
For hydrolysis, the reaction mixture contained 2 g of olive oil, 9 ml of 0.1M acetate 
buffer (pH 5.6) and 1 ml of 0.05 M CaCl2 in a 50 ml screw-cap bottle. It was stirred in a 
water bath at 250 rpm at 30 °C and the reaction was terminated by the addition of ethanol. 
The obtained emulsion was titrated against 0.1 NaOH till a pH of 10. This hydrolytic activity 
(U1) is defined as the the amount of lipase that liberates 1 µmol of FFA from olive oil at pH 
10 and 37 oC. 
 
2.4 Lipase-mediated methanolysis 
Soybean oil was spiked with 5% (w/w) soybean phospholipid to simulate the presence 
of phospholipid in low quality crude oils and subjected to sonication to ensure homogeneity. 
The lipase-catalyzed methanolysis was performed in a cylindrical glass tubes with rubber 
silicon stopper. The reaction mixture consisted of 10 g oil (with or without 5 % 
phospholipids) and a pre-mixed liquid lipase and distilled water. In this work, the aqueous 
content expressed in percentage (w/w) represents the total amount of the lipase solution and 
the additional distilled water. The reaction was initiated via the addition of an initial amount 
of methanol (1:1 molar ratio of the oil). The reaction proceeded in a Chemistation (Eyela 
chemistation, PPW-20A) with a stirrer at varying rotation rates and operated at various 
reaction temperatures. Generally, the remaining methanol was added step-wise in three steps 
(1:1 molar ratios of the oil at each time leading to a total of 4:1). Samples were taken at 
specified times to determine the amount of remaining triglycerides and produced partial 
glycerides, free fatty acids and fatty acid methyl esters over the course of the reaction. 
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2.5 Gas chromatography analysis 
Fatty Acid Methyl Esters (FAMEs), Free Fatty Acids (FFA), Monoglycerides (MAG) 
and Diglycerides (DAG) produced during the course of the reaction as well as Triglycerides 
(TAG) were measured via gas chromatography. Samples taken at specified times were 
centrifuged at 12,000 g for 5 min at 4 oC, and the upper layer was analyzed using GC – 17A 
(Shimadzu, Kyoto, Japan) equipped with a ZB-5HT capillary column (0.25 mm x 15 m) 
(Phenomenex, USA), an auto-sampler and a flame ionization detector. During the analysis, 
the temperatures of the injector and detector were set at 320 and 380 oC respectively using 
Helium as carrier gas at a flow rate of 58 ml/min. The column was configured at a 
temperature program with an initial temperature of 130 oC for 2 min, raised to 350 oC at 10 
oC/min, then to 370 oC at 7 oC/min, and maintained at this temperature for 10 min. The 
FAME composition in each reaction mixture was reported as the percentage of the oil in the 
reaction mixture using tricaprylin as an internal standard. 
 
3. Results and discussion 
3.1. Evaluation of lipase activity 
In methanolysis reactions involving lipases, some enzymes are known to hydrolyze 
the triglycerides into free fatty acids (FFA) which is then followed by the esterification of the 
free fatty acids into fatty acid methyl esters (FAME). In other cases, the fatty acids on the 
triglycerides are directly transesterified to fatty acid methyl esters. This shows that, some 
lipases have higher activity towards hydrolysis than transesterification and vice versa. In 
order to verify this for the 6 lipases, two different methods for lipase activity determination 
were employed (Table 1). In the first activity test, p-nitophenyl butyrate was used as the 
substrate for transesterification. The activity of the lipase depends on its ability to break the 
ester bond in this substrate and this allows for an unbiased evaluation where the efficiencies 
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of the lipases are not limited by their regiospecifities or chain lengths. With this method, 
lipase A is found to be the most efficient in cleaving the ester bond amongst the other lipases 
under study with an activity of 19400 U/ml. Lipases from different sources have different 
structural properties which affects their activity, and the unique structure of lipase A might be 
the reason for its high activity (Christopher et al., 2014). The activities of 4 lipases, DF, A – 
10D, R and AY were found to be almost the same, whereas MER showed the least, with an 
activity less than half of the average of the other lipases.  
The second method involves the hydrolytic activity using olive oil as substrate where 
the extent of hydrolysis by the individual lipases was determined. Lipase AY from Candida 
cylindracea clearly shows a high extent of hydrolysis which is more than 2 times higher than 
lipase DF, the next best candidate. This is in conformity with other researchers who reported 
the high hydrolysis effectiveness of lipase AY. More than 90 % FFA acid has been produced 
in 24 h using C. cylindracea (Adachi et al., 2013; Talukder et al., 2010). The rest of the 
lipases showed relatively poor activity for hydrolysis despite their high transesterification 
activity. This explains the high preference of transesterification over hydrolysis for these 
lipases. With a very high activity towards hydrolysis and a very comparative activity towards 
transesterification, lipase AY tends to be a versatile lipase in enzymatic biodiesel conversion. 
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Table 1  
Activities and specificity of various lipases 
Lipase Transesterification activity 
(U/ml) 
Hydrolysis activity 
(U/ml) 
Specificity  
 
A 19400 ± 96.8 7750 ± 283.0 α – position of medium and long 
chain fatty acid 
R 16200 ± 569.0 6500 ± 318.0 α – position of medium and short 
chain 
MER 6640 ± 814.0 9250 ± 226.0 α – position of long, medium and 
short chain fatty acid 
A10D 15900 ± 269.0 5500 ± 248.0 – 
DF 15300 ± 411.0 24300 ± 328.0 sn – 1,3 of medium and long 
chain fatty acid 
AY 16200 ± 569.0 62400 ± 354.0 Non – specific 
 
3.2 Lipase screening 
Although the lipase activities have been determined, the performance of the lipase on 
an actual biodiesel’s feedstock substrate may vary due to the varying regiospecificities of 
lipases. Refined soybean oil which has been known to be a high quality substrate for 
biodiesel production was then used to screen the lipases for production of biodiesel (Fig. 1).  
The results from this screening clearly show the higher preference for hydrolysis over 
transesterification for AY in the initial stages of the reaction. Within the first 3h, FAME 
production reached only 29 % whereas the FFA production reached above 45 %. This is an 
indication that, under the reaction conditions, lipase AY greatly promotes the preference of 
water uptake than methanol leading to the formation of more FFA rather than FAME. 
Theoretically, 1 molar equivalent of methanol produces a maximum of 33 % FAME. Under 
the given reaction conditions, there is a possibility that, after most of the initially added 
methanol has been used up for FAME production, lipase AY with a high activity for 
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hydrolysis continues to convert the triglycerides to FFA. The produced FFA was then quickly 
converted to FAME at 6 h doubling the amount of FAME to about 60 % which is also the 
highest among the tested lipases. Most lipases have been known to exhibit greater 
performance in FFA-rich substrates such as waste cooking oils than in TAG-rich oils (No, 
2011). This enabled a quicker conversion to FAME reaching about 60 % by 6 h. However, at 
the end of the reaction (24 h), the amount of FFA remaining in the reaction system was above 
20 %. This indicates the lipase AY’s limitation to effectively convert all the produced FFA to 
FAME. Fig. 1a also shows that partial glycerides remained significantly low throughout the 
reaction with AY indicating a rapid liberation of fatty acids from the glycerol backbone. 
Lipase DF which is known to be a sn – 1,3 regiospecific lipase also showed a 
relatively good FAME production rate. It had the highest initial reaction rate among the 
tested lipases reaching about 33 % at 3 h. However, this rate reduced after the next three 
hours. This was expected because, the amount of fatty acids at positions 1 and 3 in the 
reaction mixture had reduced fairly and with a reduced reactant concentration, the reaction 
rate decreased. Fig. 1b shows an initial production of a small amount of free fatty acid which 
signifies that, although lipase DF has some hydrolysis effect, it is more favorable towards 
transesterification. With this, significant amounts of partial glycerides could be observed 
along the progress of reaction with a plateau from 9 h which can be as a result of limitations 
to regiospecificity. A similar pattern was observed for lipases A – 10D and MER with a 
slightly lower reaction rate and final FAME yield.  
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Fig. 1. Lipase screening for biodiesel conversion from refined soybean oil (a) = 
AY, (b) = DF, (c) = A10D, (d) = MER, (e) = R, (f) = A. Reaction conditions: 1% 
lipase loading (0.1 g) based on oil weight (10 g); 800 rpm; 4:1 methanol to oil 
molar ratio (0.37 g each at 0, 3, 6, 9 h); 35 oC; 10 % aqueous portion (1 g) based 
on oil weight 
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Lipase R being an α – specific lipase has a similar regiospecificity as lipase MER. It is 
however observed that, lipase MER has a significantly better performance than lipase R, 
although lipase R shows a higher activity for transesterification (Table 1). This further shows 
the effect the chain lengths of the fatty acids have on the effectiveness of lipases. Lipase 
MER effectively hydrolyzes long, medium and short chain fatty acids and this allows it to act 
on a broader range of chain lengths compared to lipase R which is specific only for medium 
and short fatty acid chains. Since biodiesel feedstock have varying fatty acid chain lengths 
including C16 and C18, it is more effective to use lipases that have the ability to cleave bonds 
of varying chain length of fatty acids. Although from Table 1 lipase A had the highest 
hydrolytic activity, it produced almost no yield throughout the reaction. This is may be due to 
lipase A’s poor methanol tolerance under the given reaction conditions.   
 
3.3. Effect of PL on lipases 
In order to apply cheap lipases on cheap and unrefined feedstock, the best 3 lipase 
candidates from the screening experiments were used to convert soybean oil containing 
phospholipids. The selected lipases included AY, DF and A 10D. Surprisingly, from Fig. 2 
the order of performance changed significantly with DF producing as high as 69 % FAME at 
9 h. The performance of A10 – D also improved slightly compared to the case of the refined 
oil. A similar improvement in FAME production using liquid lipase in 2 % phospholipid has 
been reported earlier by (Li et al., 2013). The amphipathic property of phospholipid was 
thought of to contribute to the total emulsification of the reaction mixture which consequently 
boosted the catalytic performance of the free lipase.  
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Fig. 2. FAME production from 5 % phospholipid containing oil. Reaction 
conditions: 1% lipase loading (0.1 g) based on oil weight; 800 rpm; 4:1 methanol 
to oil molar ratio (0.37 g each at 0, 3, 6, 9 h); 35oC; 10 % aqueous portion (1 g) 
based on oil weight 
 
 
Unfortunately, AY which gave a faster reaction rate and a higher FAME yield 
produced only a maximum of 21 % FAME. This indicates a quick deactivation of lipase AY 
in phospholipid containing oil contrarily to DF and A – 10D. The poor performance of C. 
cylindracea (lipase AY) in the presence of high amounts of polar compounds has been 
reported by various researchers (Moreira et al., 2007; Pereira et al., 2003). High concentration 
of phospholipids in the feedstock leads to the formation of phospholipid reverse micelles 
which then causes both the liquid lipase and methanol to solubilize inside the reverse micelles 
(Li et al., 2014). This increases the methanol concentration around the locality of lipase AY. 
The poor tolerance of polar compound methanol, by lipase AY causes great loss in the 
transesterification activity thus, resulting the decrease of FAME yield after the subsequent 
addition of methanol. 
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3.4. Lipase cocktail for conversion of phospholipid – containing oil 
The best candidate among the cheap lipases for the transesterification of refined oil 
showed a very poor performance in the presence of phospholipids. For this reason, the 
concept of lipase cocktail was employed to remediate this problem. In this system, a small 
portion of a more robust lipase for biodiesel production was added to the various lipases 
separately. In the first stage of the experiments, the process of using this industrialized lipase, 
Callera Trans L (CalT), a liquid formulation of T. lanuginosus lipase, was optimized. The 
results of the optimization have been summarized in Table 2. Although 0.5 % (w/w of refined 
oil) of the lipase yielded more than 90 % FAME, the optimization was carried out using 
0.3 % lipase loading in order to reduce the amount of lipase for economic reasons. It can be 
observed that, by varying the experimental conditions, the conversion efficiency could not be 
significantly improved using 0.3 % CalT. The use of liquid lipase is associated with an 
inevitable presence of an aqueous phase, which is also required for the creation of an aqueous 
– non – aqueous interfacial area needed for lipase activation. An efficient agitation is a co-
factor for the creation of this interfacial. Although lower concentrations of water have been 
reported for T. lanuginosus, the use of a more efficient agitation may be the reason for an 
allowable higher water concentration. Due to higher cost of this lipase, the possibility of 
using even a lower amount of this lipase and combining with the other cheaper lipases for a 
more economic but effective lipase usage was therefore explored. In the use of the cheaper 
lipases, 0.4 % (w/w of refined oil) of lipase AY was found to be the highest lipase loading 
that was unable to effectively assimilate the initial 1:1 molar equivalent of methanol to oil in 
the conversion of the oil to FAME (Fig. 3). Hence, further experiments were carried out by 
combining 0.1 % CalT with 0.4 % of the other individual lipases (Fig. 4).  
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Table 2  
Summary of CalT test results 
  
Conversion yield at 9h 
(%) 
Conversion yield at 24h 
(%) 
(a) Various lipase loading 
Lipase loading (%) 0.05 66.5 ± 1.2 48.2 ± 2.9 
 
0.1 71.3 ± 0.6 79.3 ± 2.6 
 
0.3 70.6 ± 0.6 86.7 ± 1.5 
 
0.5 82.8 ± 3.1 95.6 ± 1.4 
(b) 0.3 % lipase loading 
Temperature (oC) 30 72.7 ±1.9 81.6 ± 1.4 
 
35 70.6 ± 0.6 86.7 ± 1.5 
 
40 63.1 ± 0.6 66.3 ± 0.5 
Stir rate (rpm) 400 58.6 ± 1.2 57 ± 1.4 
 
800 71.9 ± 1.1 87.7 ± 2.1  
 
1200 70.6 ± 0.5 86.7 ± 1.5 
Aqueous percentage (%) 2 25.8 ± 0.8 25.1 ± 0.8 
 
4.5 70.6 ± 0.3 86.7 ± 0.7 
 
8.5 71.8 ± 0.4 88.6 ± 1.9 
 
10 62.7 ± 0.7 82.0 ± 2.1 
(a) The use of various loadings of CalT. Reaction conditions: 1200 rpm; 4:1 methanol to 
oil molar ratio (0.37 g each at 0, 3, 6, 9 h); 35 oC; 4.5 % aqueous portion based on oil weight 
(b)  Optimization of CalT for FAME production in refined oil using 0.3 % lipase loading. 
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Fig. 3. FAME production from refined soybean oil with varying lipase AY 
loading. Reaction conditions: 800 rpm; 4:1 methanol to oil molar ratio (0.37 g 
each at 0, 3, 6, 9 h); 35 oC; 10 % aqueous portion (1 g) based on oil weight 
 
 
Under this condition of lipase cocktail and reduced total lipase loading, the FAME 
yields and reaction rates were generally higher. Interestingly, the poor performance of AY in 
phospholipid containing oil has improved with the addition of CalT. The improvement in 
FAME production by mixing lipase AY with CalT is likely due to CalT’s ability to 
effectively convert triglycerides into FAMEs even in the presence of phospholipids. CalT is 
known to have a very high initial conversion rate of the sn – 1,3 fatty acid which is associated 
with a rapid consumption of methanol (Nordblad et al., 2014). This results in a quicker 
reduction of methanol which is solubilized inside the phospholipid reverse micelles. With the 
rapid reduction of polar methanol in the locality of lipase AY inside the reverse micelles, the 
risk of methanol inhibition is consequently decreased. This elimination of inhibition thus 
enables lipase AY to contribute to the FAME production process leading to an improvement 
over using lipase AY alone in a high polar reaction medium. 
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Fig. 4. (a) FAME production by various cocktail lipases; (b) FFA, MAG, DAG 
and TAG residues at 24 h from 5 % phospholipid containing oil; Reaction 
conditions: 0.1% CalT and 0.4% lipase (other) based on oil weight; 800 rpm; 4:1 
methanol to oil molar ratio (0.37 g each at 0, 3, 6, 9 h); 35oC; 10 % aqueous 
portion based on oil weight (c) Effect of increased methanol addition rate lipase 
cocktail on FAME conversion. Addition of 4:1 methanol to oil molar ratio (0.37 g 
each at 0, 2, 4, 6 h) 
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Furthermore, lipase AY – CalT cocktail resulted in a drastic reduction of residual 
partial glycerides and free fatty acids (Fig. 4b). The high hydrolysis activity and non – 
specificity of lipase AY may have contributed to the efficient liberation of fatty acids leading 
to the absence of di- and mono-glycerides which rather persisted in the other combinations or 
CalT alone. Although di – and triglycerides are good substrate for the conversion by CalT, 
the low loading of CalT may be the reason for persisting higher amount of residual di – and 
triglycerides at 24 h for 0.1 % CalT alone. High amounts of FFA, MAG, DAG and TAG 
were also found in the products from DF – CalT cocktail and lipase A10D – CalT cocktail. 
These were however lower than the case of 0.1 % CalT because the presence of lipase DF or 
A10D further contributed to the total conversion of partial glycerides and free fatty acids to 
FAME. The performance of DF – CalT cocktail was slightly better than A10D – CalT which 
is in correspondence to the higher activity of lipase DF than lipase A10D. Although the 
specificity of lipase A10D is not well known, this results suggests that it might be a sn – 1,3 
specific lipase due to the high amounts of remaining MAG similarly to lipase DF. DAGs and 
MAGs are hygroscopic molecules which absorbs moisture from the environments. Their 
presence in biodiesel increases the moisture content of the biodiesel which is an undesirable 
property (Jakeria et al., 2014; Prasad et al., 2000). Concentrations of less than 0.2 % and 
0.8 % respectively have been recommended. The absence of these components in the 
conversion using lipase AY – CalT is an added advantage of using this cocktail. 
 
3.5 Impact of methanol addition rate on lipase cocktail 
Although in biodiesel production short chain alcohols are essential for the methylation 
of the fatty acids, high concentration of these alcohols possess negative effect on most lipases. 
Lipase mediated methanolysis of triglycerides is known to progress with a nucleophilic 
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addition reaction to form an enzyme-substrate complex. Methanol then attaches itself to this 
acyl enzyme intermediate and through a series of electron transfers, FAME is produced. High 
alcohol concentration is known to cause competitive inhibition where an alcohol molecule 
directly reacts with the enzyme to produce a dead-end enzyme-alcohol complex instead of the 
alcohol reacting with an enzyme-fatty acid intermediate (Al-Zuhair et al., 2007). Most lipases 
have very low tolerance for methanol as such a strategy of step-wise addition of methanol has 
been used to successfully convert triglycerides to FAMEs. High methanol addition rate often 
leads to high concentration of methanol which subsequently leads to lipase deactivation 
whereas low methanol addition often leads to extended reaction times. Fig. 4c shows the 
performance of the 3 lipase cocktails under a higher methanol addition rate. The usual rate of 
1 molar equivalent added at 3 h intervals was increased to 1 molar equivalent at 2 h intervals. 
It can be observed that although the initial reaction rates for all 3 lipase systems were similar, 
the rate began to slow down significantly after 6 h except that of AY – CalT cocktail. Lipase 
A10D – CalT cocktail does not show any significant change compared with the low addition 
rate and thus, the general low reaction rate and yield were not improved by the increase in 
methanol addition rate. Unfortunately, lipase DF – CalT cocktail which had a comparable 
yield to lipase AY – CalT under low methanol addition rate was significantly retarded under 
higher methanol addition rate yielding only 73 % at 24 h. This indicates lipase DF’s 
limitation to higher methanol concentration within this range. Interestingly, for AY-CalT 
cocktail, the reaction continued to progress at a high rate reaching more than 90 % FAME by 
12 h. The usual decrease in the reaction rate after the addition of 3 and 4 molar equivalents of 
methanol was not observed in this case.  This happens because CalT is known to have high 
activity for transesterification and esterification but a slower conversion of monoglycerides. 
With the combination of two lipases which have different reaction pathways, a high level of 
tansesterification and high level of hydrolysis occur simultaneously. Both methanolysis and 
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hydrolysis have been explained using the ping-pong bi bi mechanism where methanolysis is 
usually preferred over hydrolysis in the presence of sufficient amount of methanol. In the 
reaction system where both CalT and AY exists, even at the point where methanol 
concentration is low, AY having a high activity for hydrolysis perpetuates the progress of the 
reaction leading to the production of high level of FFA. CalT is known to function better 
under lower water concentration (Table 2). By the formation of FFA, the concentration of 
water in the mixture reduces, which creates a better environment for both esterification of the 
produced FFA and transesterification of other remaining glycerides by the CalT. This 
esterification also liberates the water that was used up in the hydrolysis which again supports 
the hydrolysis activity of lipase AY. The elimination of the acyl migration rate limiting step 
by lipase AY, coupled with the constant production of FFA which is more miscible with 
methanol compared with triglycerides, a more efficient consumption of methanol is achieved 
leading to an allowable faster methanol addition rate and a faster reaction. 
3.6 Optimization of methanol addition rate  
As the combination of lipase AY – CalT showed very low residual glycerides and a 
better tolerance to high methanol addition rate, the rate of methanol addition was therefore 
optimized for this combination. The range tested for in the set of experiments was 4 times 
methanol addition of 1:1 molar equivalent of the oil at time intervals of 120 min, 60 min, 30 
min, 10 min as well as the 1-time addition of 4:1 molar equivalent of the oil at 0 min. In Fig. 
5 increasing the methanol addition rates from 120 min intervals to 30 min intervals a 
consistent increase in the reaction rate can be observed. Although both the addition rates of 
60 min intervals and 30 mins intervals reached over 90 % at 6 h, the additions at 30 mins 
interval yielded 88.1 % at 2 h compared to only 57.8 % for the additions at 60 mins intervals. 
This is due to the availability of methanol and enough reaction time. In the additions at 30 
mins intervals, a total of 4:1 molar equivalent of methanol could be successfully added by 1.5 
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h and due to the high presence of FFA resulting from the hydrolysis by lipase AY, 0.5 h was 
sufficient for the fast conversion to FAME by CalT at 2 h. However, for the additions at 60 
mins intervals, the addition of only 2:1 molar equivalents is attained at 2 h. Theoretically, a 
minimum of 3:1 molar equivalents of methanol is required for the complete FAME 
production but since the reaction is reversible, an excess of methanol is usually needed. With 
an insufficient amount of methanol at this addition interval, only less than 60 % could be 
produced. 
Further increase in the addition rate to 1:1 molar equivalent at 10 min intervals shows 
a significant decrease in the reaction rate especially towards the later part. This is likely due 
to the accumulation of methanol beyond the tolerance of this lipase system. The 
concentration of methanol at this point maybe so high that, even though CalT effectively 
transesterifies fatty acids at positions 1 and 3, the amount of methanol is still enough to 
deactivate lipase AY. This is further revealed in the later part of the reaction where although 
the reaction proceeds but at a very slow rate. The theoretical yield for sn – 1,3 regiospecific 
lipases is 66.7 %, but the ability of some of these lipases to induce acyl migration ensures 
higher yield but at a slower pace (Du et al., 2005; Oda et al., 2005). Since the non – specific 
activity of the lipase cocktail was lost in the early part of the reaction, the inevitable rate – 
limiting step of acyl migration was carried out by CalT leading to a slower FAME production 
after over 55 % FAME has been produced. The 1-time addition of 4:1 molar equivalents 
further shows slower reaction rate leading to a FAME production of only 66.9 % at 24 h.  
This is an indication that, within this range of methanol concentration, CalT also faces some 
inhibition by methanol and reduces its effectiveness in the initial stages of the reaction and 
the acyl migration. The optimum methanol addition rate for lipase AY – CalT combination is 
therefore 4 times addition of 1:1 molar equivalent to the oil at 30 min intervals.   
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Fig. 5. Optimization of methanol addition rate for AY – CalT lipase combination. 
Reaction conditions: 0.1% CalT (10 mg) and 0.4% AY (40 mg) based on oil 
weight (10 g); 800 rpm; 35 oC; 10 % (1 g) aqueous portion based on oil weight 
 
Conclusion  
The presence of 5 % phospholipid in oil inhibits lipase AY. A combination of 0.4 % 
lipase AY and 0.1 % CalT led to an improvement in biodiesel production. This resulted from 
CalT’s high initial reaction rate and lipase AY’s high hydrolysis activity and its non – 
regiospecificity. The different reaction pathways of the individual lipases led to efficient 
methanol assimilation and reduce lipases deactivation. 88.1 % FAME was achieved in 2 h 
with 4 times addition of 1:1 molar equivalent of methanol to oil at 0.5 h intervals.   This 
cheap lipase system could be useful for the conversion of unrefined oils. 
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Chapter 4 
Fusarium heterosporum lipase – expressing Aspergillus oryzae whole-cell as biocatalyst 
for biodiesel production from Chlamydomonas sp. JSC4 lipids 
Introduction 
In the era of depleting oil reserves and concerns for environmental protection, 
biodiesel could be one of the avenues to meet the global energy demands. Biodiesel is a 
group of fatty acid alkyl esters which are derived from renewable sources including animal 
fats, vegetable oils and oleaginous microorganisms (Talebian-Kiakalaieh et al., 2013; Ahmad 
et al., 2011). Various processes for the production of biodiesel from refined plant and animal 
sources have been established, but the push from dependency on edible oil sources and to a 
more sustainable sources draws the feedstock more towards oleaginous microorganisms.  
Among these oleaginous organisms, microalgae show some interesting advantages 
including high lipid contents, easy manipulation to enhance lipid accumulation, survival on 
non – arable lands (including fresh water and marine) and a high biomass growth rate (Singh 
et al., 2011a; Chisti, 2007; Demirbas and Balat, 2006). However, since these organisms are 
usually limited to single cells there are significant amount of impurities that exist in the 
produced oils. Most of the previously established processes work efficiently for the 
conversion of triglycerides which happens to be the main component of the plant and animal 
oils. Unfortunately, most of the lipids produced by the oleaginous organisms contain high 
levels of polar lipids in the form of phospholipids and glycolipids which are an integral part 
of the cell membrane. It has been reported that some strains of microalgae contain as high as 
28 % phospholipids of the total lipid weight (Chen et al., 2012). In addition to this, there are 
high levels of free fatty acid in these oil which are usually produced through hydrolysis by 
endogenous enzymes or through oxidation by peroxides present in the cells of the organism 
(Singh et al., 2011b; Alencar et al., 2010). The conventional methods for biodiesel production 
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which involves the use of chemicals such as NaOH faced challenges in the presence of free 
fatty acids. These could however be simply eliminated through various refining and 
pretreatment methods. Unfortunately, the levels of phospholipids and free fatty acids in these 
microalgae oil are so high that, degumming and other pretreatments will lead to significant 
loss of feedstock and raise the overall cost of biodiesel production. 
Moreover, in attempt to make biodiesel production more environmentally friendly, the 
use of the conventional chemical methods is being replaced by enzymatic methods 
(Bharathiraja et al., 2014; Fjerbaek et al., 2009). This generally involves the use EC 3.1.1.3 
lipases which are hydrolases that act on ester bonds in carboxylic esters. There are a number 
of these lipases with each having properties that differ from the other. These unique 
properties prevent unwanted reactions which lead to unwanted by – products. However, this 
also leads to limitations in biodiesel production as the feedstock consist of varying 
components (Christopher et al., 2014). Ways to overcome this limitation may include the use 
of a single lipase that is capable of converting the relevant components in the feedstock or by 
the mixture of 2 or more lipases with different properties. The combination of CalT and RML 
improved the biodiesel production from palm oil to 80 % from 44 % (Poppe et al., 2015). 
Amoah et al., (2016a) reported the improvement of biodiesel production from 21.1 % to 
88.1 % from an oil feedstock containing 5 % phospholipid using a lipase AY – CalT cocktail. 
Whole cell biocatalysts, a cheaper form of lipases have been recently used for biodiesel 
production. Over 90 % yield biodiesel has been produced from various plant oils using whole 
cell biocatalyst of Fusarium heterosporum lipase, Candida antartica lipase and Rhizopus 
oryzae lipase (Hama et al., 2008, Adachi et al., 2013; Li et al., 2007). These lipases are 
cheaper due to their simple production via a simultaneous cultivation and immobilization 
process. A more in-depth understanding of these lipases could facilitate its industrial 
application in microalgae oil conversion. Whole cell yeast biocatalyst immobilized on waste 
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sugarcane bagasse could achieve 85.29 % biodiesel from Chlorella salina using methyl 
acetate as the acyl acceptor (Surendhiran et al., 2014). It was reported that, biodiesel yields of 
68.2 % and 50.3 % were produced from marine microalgae DY54 and Chlorella sp. 
respectively using mold – fungus JN7 whole cell biocatalyst (Xiao et al., 2010). An intensive 
work on the properties of biodiesel from Scenedesmus obliquus produced by whole cell 
Aspergillus niger was carried. Although most of the properties met the standards, the reuse of 
the lipase was poor (Guldhe et al., 2016). Despite these works, the operational parameters for 
the use of the whole cell biocatalysts needs to be further understood to prevent issues of 
deactivation, improvement of lipase reuse, reduction of reaction time among others.  
This work reports on the investigation of biodiesel production from a robust, marine 
microalgae Chlamydomonas sp. JSC4 using whole cell A. oryzae expressing F. heterosporum 
lipase. The active sites of the catalyst were enhanced under mild agitation while using a step 
– wise methanol addition. Once the activated sites were boosted, a 1-time methanol addition 
was used to explore the interaction between water content and methanol concentration on the 
lipase. The understanding of this interaction was used to improve the reaction rate.  
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2. Methods 
2.1 Construction of lipase expression vector and transformation of A. oryzae 
pSENSU-FHL harboring a P-enolA142 and a 5’UTR of Hsp12 with an FHL gene and 
an sC gene as a selectable marker was constructed as described in a previous study (Takaya et 
al., 2011). Briefly, the gene encoding F. heterosporum lipase (FHL) was amplified from 
pNAN8142-FHL by PCR using FHL-F1 (5’-
TCGCAAACATGATGCTCGTCCTATCTCTTC-3’) and FHL-R1 (5’-
GCTCTAGACTAAATCATCTGCTTAACAAAT-3’) as primers. An amplified fragment 
was digested with XbaI and inserted into a pSENSU plasmid and was then digested again 
using PmlI and XbaI. The cells of A. oryzae transformant carrying pNAN8142-FHL were 
then transformed with pSENSU-FHL on a Czapek-Dox (CD)-NO2-methionine selection plate. 
The obtained lipase was then designated rFHL.  
 
2.2 Immobilized A. oryzae whole-cell biocatalyst preparation 
The A. oryzae strains were initially cultured on a Czapek-Dox (CD) agar plate at 30 
oC for 6 days. The spores were harvested with 5 ml of distilled water and aseptically 
inoculated into a 500 ml Sakaguchi flask containing approximately 850 mg of reticulated 
polyurethane foam BSPs (Bridgestone Corporation, Osaka, Japan) in 100 ml of DP medium. 
The BSPs used for the fungal cell immobilization had an average cuboid size of 3 mm × 3 
mm × 3 mm and pore size of 50 pores per linear inch. The fungal strain was cultivated at 30 
oC for 96 h on a reciprocal shaker at 150 oscillations per min. The cells were naturally 
immobilized in the pores of the BSPs during cultivation, and the immobilized whole cells 
were separated from the culture broth by simple filtration. The BSP-immobilized whole cells 
were washed with distilled water, lyophilized for 48 h and used for biodiesel conversion. 
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2.3 Chlamydomonas sp. JSC4 cultivation 
2.3.1 Culture medium and strains 
The Chlamydomonas sp. JSC4 strain used in this work was isolated from the coast of 
southern Taiwan. The cells were initially precultured in a 1 L modified Bold 6 N medium 
which consisted of 0.375 g NaNO3, 0.0383 g K2HPO4, 0.075 g MgSO4.7H2O, 0.088 g 
KH2PO4, 0.025 g NaCl and 0.025 g CaCl2.2H2O (Berges et al., 2001). 2 % CO2 was supplied 
at a rate of 0.06 vvm and the cells were cultivated at 28 oC to 32 oC for 96 h with 
approximately 250 μmol m−2 s−1 illumination. 
 
2.3.2 Photobioreactor operation 
The precultured cells were then transferred to a 30 L open system bubble column 
photobioreactor (PBR) (200 mm × 1228 mm) at an inoculum size of 100 mgL-1. The cells 
were cultured in modified Bold 3 N (2 % sea salt) medium with 250 μmol m−2 s−1 single 
sided illumination. As the main carbon source, 2 % CO2 was continuously fed into the culture 
at a rate of 1.2 L/min and this also served as the sole agitation force for the culture. The rate 
of CO2 feed was monitored by measuring the difference between the CO2 concentrations in 
the influent and effluent streams of the PBR using a GM70 CO2 detector (Vaisala, Tokyo, 
Japan). The culture was maintained between 28 oC to 32 oC for 15 days and samples were 
taken at regular intervals to determine culture density, nitrate concentration, lipid 
accumulation rate, cell growth rate and contamination monitoring. In order to improve the 
lipid production, various dosages of sodium acetate were added after nitrogen depletion. 
After cultivation, the agitation was stopped and the cells settled under their own weight. 
Approximately 75 % of the supernatant medium was discarded and the remaining culture 
containing the cells was centrifuged at 7600 g for 5 min. The cells were lyophilized for 
further processing.  
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2.4 Lipid extraction and characterization  
The lyophilized cells were subjected to cell breaking by sonication using a Tomy 
Ultrasonic Disruptor UD-201 (Tokyo, Japan). Approximately 10 ml of distilled water was 
added to about 0.5 g of the dried cells. The equipment was set to an output of 35 and 60 s 
pulse with each pulse followed by 60 s cooling in ice bath. The total sonication time was 5 
min.  7.5 ml each of methanol and hexane were added to the disrupted cells, mixed 
vigorously and centrifuged at 2330 g for 5 min. The upper layer was characterized by gas 
chromatography and thin layer chromatography and further used for transesterification 
without any pre-treatment.   
2.5 Lipase mediated transesterification 
The extracted lipid was subjected to transesterification by two different enzymatic 
methods. The first method which involved the use of lipase cocktail was carried out by using 
a mixture of two liquid lipases. 0.1 % of CalT was mixed with 0.4 % lipase AY and distilled 
water making a total aqueous portion of 1 % (w/w) of the extract (Amoah, et al., 2016b). The 
reaction was carried in borosilicate glass tubes with rubber stopper in a water bath set at 35 
oC. The mixture was agitated with a magnetic stir bar and the reaction was initiated by an 
initial addition of 7:1 methanol to oil molar ratio. Extra 7:1 methanol to oil molar ratio was 
added each at 30 min, 60 min and 90 min to ensure complete reaction.  
The second method involved the use of immobilized whole cell A. oryzae expressing 
F. heterosporum lipase. The reaction was carried out in a screw – capped cylindrical 
borosilicate glass tubes and the reaction mixture consisted of the lipid extract, distilled water 
and the immobilized lipase. The reaction was initiated via the addition of an initial 7:1 
methanol to oil molar ratio. The reaction proceeded in a block rotator (Nissin Thermo Block 
Rotator SN-06BN) at 30 oC with a rotation speed of 7.5 (an arbitrary scale on the instrument). 
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Extra 7:1 methanol to oil molar ratio was added step-wise each at 24, 48 and 72 h to complete 
the reaction.  
  2.6 Analysis 
2.6.1 Gas chromatography  
Fatty Acid Methyl Esters (FAMEs), Free Fatty Acids (FFA), Monoglycerides (MAG) 
and Diglycerides (DAG) produced during the course of the reaction as well as Triglycerides 
(TAG) were measured via gas chromatography. Samples taken at specified times were 
centrifuged at 12,000 g for 5 min at 4 oC, and the upper layer was analyzed using GC – 2000 
(Shimadzu, Kyoto, Japan) equipped with a ZB-5HT capillary column (0.25 mm x 15 m) 
(Phenomenex, USA), an auto-sampler and a flame ionization detector. During the analysis, 
the temperatures of the injector and detector were set at 320 and 380 oC respectively using 
Helium as carrier gas at a flow rate of 58 ml/min. The column was configured at a 
temperature program with an initial temperature of 130 oC for 2 min, raised to 350 oC at 10 
oC/min, then to 370 oC at 7 oC/min, and maintained at this temperature for 10 min. The 
FAME composition in each reaction mixture was reported as the percentage of the oil in the 
reaction mixture using tricaprylin as an internal standard. 
 
2.6.2 Thin layer chromatography 
To measure the lipid class composition, a similar approach from (Johnson and Barnett, 
2003) was employed. 0.5 ml of the upper layer was evaporated to dryness and dissolved in 
0.05 ul dichloromethane. 1 ul of the sample was spotted onto a silica gel rod (Chromarod SIII, 
Iatroscan Laboratories) and developed for 24 min in a conditioned developing tank. The 
mobile phase comprised of 60:10:0.02 hexane/diethyl ether/formic acid (v/v/v). After the 
development, the rods were scanned (Iatroscan MK – 6s, Iatroscan Laboratories) at a rate of 
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30 s/rod using a hydrogen flow rate of 160 ml/min and an airflow of 2 L/min. The instrument 
was controlled with Chromato – Pro software.    
Results and discussion 
3.1 Lipid production and lipid composition 
The production and composition of lipids from microalgae is highly dependent on the 
strain as well as cultivation conditions and this is due to the difference in the metabolism of 
the strains and conditions (Adams et al., 2013; Singh et al., 2016). Although high lipid 
production by microalgae is economically attractive, the resilience of the strain is also 
important. Chamydomonas sp. JSC4 is known to be robust and successful cultivation with or 
without sea salt, a wide temperature and light range has been achieved (Ho et al., 2014). To 
improve the lipid production from the strain, various doses of sodium acetate were added to 
the medium. The addition of 2 g/L acetate significantly improved the lipid production rate 
leading to an increased final lipid content from 21.6 % to 33.3 % (Fig. 1). This is similar to 
some reports where the presence of acetate improved the lipid production in oleaginous 
microorganisms (Wang et., 2016). Wang et., (2016) explained that, the dual carbon source 
from using acetate and CO2 in microalgae cultivation triggers the biosynthetic pathways for 
lipid synthesis. The presence of acetate might have increased the acetyl-CoA pool which 
aided in the production of more fatty acids. A slight increase in the biomass yield (Table 1) is 
in accordance to this report. A further increase of acetate to 4 g/L did not make any more 
significant improvement to the lipid production.  
In addition, an effect of acetate on the lipid composition was observed. Table 2 shows 
a significant increase in the phospholipid concentration with the addition of 2 g/L acetate. 
Acetate is known to penetrate rapidly through the membrane of cells and alters the transport 
of phosphate. The transport of phosphate which occurs in some sort of complex could be 
inhibited by fatty acids which interferes with the formation of the phosphate carrier complex 
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(Sampson et al., 1955; Conway et al., 1950). The interaction of acetate and phosphate might 
have led to the formation of more phospholipids resulting in over 2-fold increase. An increase 
to 4 g/L does not show a much difference. There was no much difference in the concentration 
of triglycerides and although there was a variation in free fatty acid concentration, no clear 
pattern could be observed. The levels of fatty acid saturation were also not affected much by 
the addition of acetate, but an immense heterogeneity of the lipid from Chlamydomonas sp. 
JSC4 similar to other oleaginous microorganisms can be observed. This high level of 
heterogeneity calls for the use of versatile lipase or special techniques for the conversion to 
biodiesel. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Lipid accumulation in Chlamydomonas sp. JSC4 with various sodium 
acetate additions at nitrogen depletion 
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Table 1. Dry cell weight of Chlamydomonas sp. JSC4 at day 10 of cultivation 
Acetate concentration (g/L) Dry cell weight (mg/ml) 
0 1.435 
2 1.8318 
4 2.086 
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Table 2. Lipid composition from Chlamydomonas sp. JSC4 cultivated under various concentrations of acetate 
Acetate (g /L) TAG a FFA a Phospholipids a Saturated fatty acid a Unsaturated fatty acid a Total lipid b 
0 66.3 ± 0.56 23.5 ± 0.22 6.46 ± 0.66 38.57 61.43 21.66 
2 65.5 ± 1.28 9.1 ± 1.27 16.33 ± 2.64 36.92 63.08 33.28 
4 64.5 ± 1.22 21.7 ± 1.22 13.58 ± 0.25 33.62 66.38 34.82 
   
a Expressed as a percentage of the total saponifiable lipid in the Chlamydomonas sp. JSC4 biomass 
b Expressed as a percentage of the weight of the Chlamydomonas sp. JSC4 biomass 
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3.2 Reuse stability of lipases 
Due to the single – celled nature of microalgae, the high concentration of 
phospholipids is inevitable. The presence of high amounts of phospholipids in oils is known 
to lead to the formation of reverse – micelles during biodiesel production which enhances the 
negative effect of methanol on lipases (Li et al., 2014; Amoah et al., 2016a). Two methods 
that have been successfully used to convert oils containing high amounts of phospholipids 
were then applied for the transesterification of Chlamydomonas sp. JSC4 lipid. Method 1 (m 
I) involves the use of lipase cocktail and method 2 (m II) involves the use of immobilized 
rFHL under low agitation. The ability of the lipase system to successfully convert such a 
highly heterogeneous type of feedstock could be very essential for the production of FAME 
for biodiesel. Although either methods could produce more than 95 % FAME in the first 
batch, the FAME produced in the subsequent batches reduced drastically for the lipase 
cocktail (m I) (Fig. 2). After each batch, the aqueous phase was pipetted and transferred into 
a new reactor for the subsequent batch. Due to the aqueous nature, several impurities 
including excess methanol, glycerol and other unknown might have seeped in to the lipase 
system. Impurities of this sort are detrimental to the lipases which cause deactivation of the 
lipase and result in lower FAME production in subsequent batches. On the other hand, 
immobilized rFHL (m II) was washed with tap water after each batch before it was employed 
in the subsequent batch. More than 95 % of its original potential was maintained even after 4 
batches. The high reuse stability of immobilized lipases makes them attractive for industrial 
applications, hence, the use of immobilized rFHL was further explored for the production of 
FAME from Chlamydomonas sp. JSC4 in the subsequent works. 
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Fig 2. Reuse stability of method I and method II expressed as a percentage of the 
FAME yield of the first batch. 
a. Method I: Cocktail lipase (4 times step-wise addition of 7: 1 methanol to oil 
molar ratio, 35 oC, 800 rpm, 0.26 ml aqueous phase)  
b. Method II: Immobilized r – FHL (4 times step-wise addition of 7: 1 methanol to 
oil molar ratio, 30 oC, 35 rpm, 24 % water) 
  
3.3 Impact of lipase loading and water content on FAME production by rFHL  
rFHL could be successfully reused for four batches and its efficiency was still above 
95 % of its original potency. However, in order to make its use more industrially applicable, a 
lower loading which can still produce high FAME needs to be investigated. Lipases as 
protein molecules contain active sites which attaches to the lipid substrates and allows 
reactions to proceeds. Different lipases have different kinds of active sites which could be 
enhanced or depressed by various environmental conditions. In the first part of this section, 
the number of active sites of the immobilized lipase was optimized and consequently the 
activation of these sites was enhanced by the creation of an effective aqueous – non – 
aqueous interface. Lipase loadings of 2, 5, 8 and 10 BSPs were used. Lipase loading of 2 or 5 
BSPs yielded less than 50 % FAME without any significant difference between the two 
lipases loading at 96 h (Fig. 3a). This similarity could arise from the lower numbers of active 
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sites which could be easily suppressed by unfavourable environmental conditions such as 
high polar region resulting from the presence of phospholipid and methanol. A shift in lipase 
loading to 8 BSPs produces a sharp increase in FAME production reaching 88.8 % at 96 h. A 
further increase in lipase loading to 10 BSPs further increases FAME yield to over 90 % at 96 
h. These results show that, the number of active sites on the immobilized rFHL significantly 
affects the conversion of lipids from Chlamydomonas sp. JSC4 to FAME. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 3. Enhancing the active sites of rFHL for FAME production. 
a. Optimization of rFHL loading. Reaction conditions:  30 oC, 35 rpm, 24 % water, 
1:7 oil to methanol ratio each at 0, 24, 48, 72 h. 
b. Optimization of water content. Reaction conditions:  8 BSPs, 30 oC, 35 rpm, 
1:7 oil to methanol ratio each at 0, 24, 48, 72 h. 
c. Remaining triglycerides at 96 h with respect to varying water content. 
Reaction conditions:  8 BSPs, 30 oC, 35 rpm, 7:1 methanol to oil molar ratio 
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The active site of F. heterosporum lipase just as other homologous lipases is known to 
comprise of a catalytic triad that is buried under a short surface helix known as the lid. The 
displacement of this lid is postulated to be the structural basis of the aqueous – non – aqueous 
activation of the lipase (Nagao et al, 1994; Svendsen, 2000). This activation is crucial for the 
efficient conversion of triglycerides to fatty acid methyl esters (Affleck et al., 1992; 
Jegannathan et al., 2008). Two major factors that affects this interfacial area are the water 
content and the agitation. With whole cell immobilization on polyurethane, it has been 
reported that even a low agitation can efficiently assist in FAME production, however 
vigorous agitation leads to serious physical damage of the lipase system by detrition which 
reduces its stability (Adachi et al., 2013). Furthermore, under high agitation, the presence of 
high amounts of phospholipids in oil leads to the formation reverse – micelles which are 
detrimental to the formation of the required interfacial area and subsequently reduces FAME 
production (Amoah et al., 2016a). With this, the agitation was kept to a minimal (35 rpm) and 
the water content varied. Even though lipase loading of 10 BSPs already yields more than 
90 %, 8 BSPs were used in this and further experiments as this allows to explore better ways 
of using lower lipase loading. Although 5 % has been reported as the optimum water content 
for FHL, the type of substrate significantly affects this limit (Hama 2008; Tran et al., 2012). 
With 13 % water, only 69.1 % FAME was produced at 96 h and this increased steadily to 
over 98 % with 38 or 55 % water (Fig. 3b). This is an indication that, even with the low 
agitation, this amount of water produces enough interfacial area which allows for the 
activation of the available active sites of F. heterosporum for the efficient conversion of this 
substrate. However, with an increase to 76 %, a significant drop in FAME production was 
observed. A reason for this drastic decrease maybe from the dilution effect the water has on 
methanol thereby reducing the concentration of the methanol which leads to a slower reaction. 
This might also be as a result of the high amount of water flooding the active sites of the 
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immobilized lipase which reduces possible contact of the active sites and the oil substrate 
(Yan et al., 2014).  
Fig 3c. shows the percentages of the TAGs that remained in the reaction mixture for 
low methanol concentrations whiles varying the water content. The high amounts of 
unconverted TAGs indicate that, the low production of FAME was not due to the competitive 
formation of free fatty acids but rather the flooding of the active sites which prevents the 
physical contact of the oil substrate and the immobilized lipase. This results however show 
the wide range of water tolerance of rFHL making it a suitable lipase in the microalgae oil 
industry where large volumes of water are used for the cultivation of the biomass and the 
extraction of lipid.   
 
3.4 Interaction of water content and methanol concentration 
In a reaction system where several factors come into play for the realization of a 
product, the influence one factor has on the other could be as important as the effect of the 
variation of the individual factors. Although methanol is a substrate required for the 
production of FAME, high concentrations of this short chain alcohol could denature the 
lipase. Also, from section 3.3, higher amounts of water led to low FAME yields. To this end 
the interaction of water content and methanol concentration was explored. Methanol which is 
usually added step – wise to avoid lipase deactivation was in this system added one time at 0 
h to prevent this laborious step – wise additions. Fig. 4 shows the FAME yield at 48 h with 
varying water and methanol amounts. The figure shows a general low FAME yield for high 
methanol concentration. Increasing the water content improves the FAME yield under high 
methanol concentration but to only a certain point. This is observed from increasing water 
content from 55 to 68 % for 46: 1 oil to methanol where no significant increase in FAME was 
produced. The low reaction associated with high water contents as observed in section 3.3 
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extends the residence time of methanol in the reaction mixture which rather exerts negative 
influence on the lipase. With high water contents, FAME yield could not be significantly 
improved even by lowering the methanol concentration and rather produces low FAME under 
low methanol concentration (7:1). This results from a low moles of methanol per volume of 
the aqueous phase. Decreasing the water content has a good impact on the low methanol 
concentration but a drastic negative effect on high methanol concentration. The high amount 
of methanol in the presence of low water content exposes the lipase to the full deactivating 
effect of the methanol.  
The optimum combination could be anywhere between 13 and 24 % water with 7:1 
methanol to oil molar ratio or less. Although a clear optimum combination of water and 
methanol cannot be observed within the investigated range, it can be realized that with 
enough activation of the active sites of the lipase by water, just a minimal amount of 
methanol is enough for the transesterification by rFHL. Thus, the relative lower FAME yield 
observed for 24 % water in section 3.3 resulted from the deactivation by the extra additions 
of methanol.  
 
 
 
 
 
  
 
 
Fig 4. Effect of interaction between water content and methanol concentration on 
rFHL. 7:1, 26:1 and 46:1 methanol to oil molar ratio were each reacted in the 
presence of 24 %, 55 % and 68 % water at 30 oC and 35 rpm with 8 BSPs for 48 h.  
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3.5 Improvement of the robustness of rFHL 
The use of 8 BSP loading allowed for a flexible exploration of some important 
properties of rFHL. The application of the results from this exploration was compared with 
10 BSP which has produced more than 90 % FAME at 96 h in section 3.3. With 4:1 methanol 
to oil molar ratio, a drastic reduction in the reaction time with over 95 % FAME produced at 
32h could be observed (Fig. 5). The reaction rates of the lipase loadings were not so much 
different at the beginning of the reaction but became more significant at the later part of the 
reaction. The initial reaction of the FAME production using rFHL might be very crucial for 
the overall reaction as such this was further investigated.  
The formation of 1 mole of FAME corresponds to the consumption of 1 mole of 
methanol and this allows for the estimation of methanol concentration along the path of 
reaction. As observed from section 3.4, higher concentrations of methanol in one-time 
addition yielded poorer results for FAME production. The availability of more active sites 
makes use of a more suitable reaction environment of low methanol concentration leading to 
an initial faster reaction. The higher rate of methanol consumption in the early stages of the 
reaction by 10 BSP lipase loading quickly lowers methanol concentration around the locality 
of the lipase and reduces the risk of inactivation by methanol (Fig. 5). This maintains the 
lipases’ stability through the reaction which manifests in the later stages. Eventually, the lipid 
being the limiting reagent diminishes and the rate of consumption of methanol reduces and 
almost stabilizes. The concept of methanol consumption rate thus aids in the stability of the 
rFHL during the reaction and this could be further useful in the lipase reusability. 
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Fig 5. FAME content from improved reaction system and calculated rate of methanol 
consumption. Reaction conditions: 4: 1 MeOH to oil, 24 % water, 30 oC, 35 rpm 
 
 
Conclusion 
Lipid extracted from Chlamydomonas sp. JSC4 comprises of a high mixture of 
various lipid classes which were successfully converted to FAMEs by both the method of 
using lipase cocktail and the method of using rFHL. However, rFHL shows a significant 
potential for reuse as such was further optimized for the FAME production. The activation of 
the active sites by water was found to be very crucial but an excessive amount of water could 
hinder the conversion of triglycerides. An exploration of the interaction between water and 
methanol content shows that once active sites of the lipase is activated, just a minimal amount 
of methanol is required for the efficient production of FAME. A slight increase in the number 
of active site significantly benefits from the rapid consumption of methanol for faster FAME 
production which further favours the stability of the immobilized lipase leading to the 
production of more than 95 % FAME in 32 h.   
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General conclusion 
The findings presented here were aimed at developing a suitable process for 
enzymatic biodiesel production from unrefined oil feedstock. To make the concept of 
biodiesel usage feasible, the utilization of a more sustainable, cheap and reliable source of 
feedstock is a step in the right direction. These sources generally termed as second generation 
and advanced biodiesel feedstock often contains significant amount of impurities including 
phospholipids and free fatty acids. Although these components can also be converted to 
biodiesel, they have caused challenges in the production process. Refining the oils could 
remove these components but will also increase the cost of production as well as causing a 
great loss in feedstock. It will therefore be prudent to use the unrefined feedstock as they are. 
In the use of immobilized whole-cell biocatalysts, the presence of phospholipids in oil 
leads to the formation of reverse micelles which disrupts the aqueous-non-aqueous interfacial 
area required for the efficient conversion of oils to FAME. Agitation, which in usual cases 
improves interfacial area, was found to assist in the formation of these undesirable reverse-
micelles. This factor was therefore significantly reduced and compensated with an increase in 
water content which helped to improve the interfacial area leading to a FAME yield of more 
than 90 % in 96 h. 
To further explore rFHL’s ability to strive in high free fatty acid oil, a model 
feedstock which contains high amounts of free fatty acids and triglycerides was prepared. 
This feedstock could not be completely converted to fatty acid methyl ester using rCALB or 
its commercial counterpart Novozym 435. The activity of rCALB which is specialized 
toward esterification and the poor water tolerance for Novozym 435 are thought of to be the 
reasons for this limitation. Interestingly, rFHL which had a lower hydrolytic activity could 
effectively convert both FFA and TAG simultaneously and produces over 93 % FAME after 
72 h with step-wise additions of 1:3 molar ratio of oil to methanol. The success of this, was 
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attributed to rFHL’s ability to convert both free fatty acid triglycerides independently and its 
high tolerance for water. 
To improve the reaction time, the application of liquid lipase was explored. The 
presence of 5 % phospholipids in oil inhibits the high hydrolysis activity, non regiospecific 
lipase AY. By combining of 0.1 % high initial reaction rate CalT with 0.4 % lipase AY, an 
improvement in biodiesel production was achieved. The different reaction pathways of the 
individual lipases led to efficient methanol assimilation and reduced lipase deactivation. The 
high free fatty acids generated by the hydrolysis by lipase AY were efficiently converted to 
FAME by CalT. 88.1 % FAME was achieved in 2 h with four times addition of 1:1 molar 
equivalent of methanol to oil at 0.5 h intervals.   This cheap lipase system could be useful for 
the conversion of unrefined oils. 
The reuse of lipases can drastically reduce the cost of biodiesel production as such, 
lipase reuse was investigated. Lipid extracted from Chlamydomonas sp. JSC4 comprises of a 
high mixture of phospholipids, free fatty acids and triglycerides. Although it could be 
successfully converted to FAMEs by either lipase cocktail or rFHL, rFHL shows a significant 
potential for reuse. For this reason, it was further optimized for the FAME production. The 
activation of the active sites by water was found to be very crucial but an excessive amount 
of water could hinder the conversion of triglycerides. An exploration of the interaction 
between water and methanol contents shows that once active sites of the lipase is activated, 
just a minimal amount of methanol is required for the efficient production of FAME. A slight 
increase in the number of active site significantly benefits from the rapid consumption of 
methanol for faster FAME production which further favours the stability of the immobilized 
lipase and yields over 95 % FAME in 32 h.   
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The cheap cost of rFHL arising from its simultaneous cultivation and immobilization 
coupled with its high reuse ability makes it very attractive for the conversion of these kinds 
feedstock. The reaction rate could further be improved with genetic engineering tools such as 
the expression of multiple copies of the lipase. The methods developed here could be useful 
for a cheap, efficient and more environmentally benign conversion of emerging feedstocks to 
biodiesel. 
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